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 This research is aimed at examining the behavior of reinforced concrete bridge 
pier caps strengthened with externally bonded reinforcement experimentally and 
analytically. In the experimental study, nine full-scale reinforced concrete bridge pier 
caps were built, externally strengthened with stainless steel reinforcement, and then 
tested to failure. Load, deflection, and strain measurements were collected and two 
potential failure mechanisms were identified. In the analytical work, mechanics-based 
equations were developed for calculating the shear strength of these types of structural 
elements when a diagonal shear crack is formed under loading. In addition, a strut-and-
tie/truss model is proposed for determining the strength of reinforced concrete bridge 
caps with externally bonded reinforcement systems. Results from both experimental and 
analytical studies are compared and design recommendations are made for future 










 In the State of Georgia, there are a large number of reinforced concrete bridge 
pier caps that was constructed prior to the 1970s. The shear reinforcement in these bridge 
pier caps does not meet the current shear design provisions of the AASHTO LRFD 
Bridge Design Specifications (2012). 
 According to the Bridge Inventory Management System (BIMS) of the Georgia 
Department of Transportation (GDOT), there are 7204 pier cap cantilever segments, 
similar to that shown in Fig. 1.1; the strengths of 4875 of those pier cap sections are 
controlled by the shear strength limit state of Article 5.8 of AASHTO (2012). Further 
examination of those 4875 pier cap sections has revealed that 1156 of these pier caps do 
not contain the minimum amount of transverse reinforcement stipulated in Article 5.8.2.5 
of AASHTO (2012).  
 
Figure 1.1- Cantilever segment of a bridge pier cap 
 
 To upgrade those reinforced concrete bridge pier caps to a level consistent with 
current AASHTO LRFD Bridge Design Specifications, a cost-effective and a reliable 




1.2 Previous Work 
 While externally bonded fiber reinforced polymer (FRP) reinforcement systems 
for shear strengthening of reinforced concrete members have been extensively 
investigated (see e.g. Zureick et al., 2010; Belarbi et al., 2011), limited information 
(Zhang et al., 2004; Islam et al., 2005; Bousselham et al., 2006; Cao et al., 2005) is 
available for cases involving reinforced concrete bridge pier caps and deep beams with 
shear span-to-depth (a/d) ratios of less than 2.0. Zhang et al. (2004) tested to failure four 
groups of four deep reinforced concrete beams without web (transverse and longitudinal) 
steel reinforcement. Three beams from each group were shear strengthened prior to 
testing with a specific arrangement of externally bonded carbon fiber reinforced polymer 
(CFRP) composite materials and one beam was tested without the externally bonded 
reinforcement to establish the reference strength value of the particular group. The tests 
were conducted on beams with two different a/d ratios of 1.88 and 1.25. While the study 
showed that it was possible to increase the shear strength of reinforced concrete beams 
using externally bonded CFRP composite materials, independent analyses of the test 
results cannot be conducted with confidence due to the absence of any evidence 
establishing the experimental material properties of either the CFRP composites or the 
longitudinal flexural steel reinforcement. In Islam et al. (2005), six deep reinforced 
concrete beams having a shear span-to-depth ratio of 0.66 were tested. Five of the test 
beams were externally strengthened in shear with three different types of composite 
materials and one beam was tested for the purpose of establishing a reference strength 
value. Experimental results showed that the use of externally bonded shear reinforcement 
for strengthening deep reinforced concrete beams increases the shear strength from 24 to 
43%. Similar to the study by Zhang et al. (2004), properties of the externally bonded 
polymer composite materials were not determined experimentally. Cao et al. (2005) 
tested 12 pre-cracked reinforced concrete beams, having span-to-depth ratios ranging 
from 1.35 to 2.7, externally strengthened with carbon fiber- and glass fiber-reinforced 
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polymer composite material strips wrapped completely around the beams. The authors 
did not conduct material property tests and reported, without documentation, carbon fiber 
properties in one case and glass-fiber reinforced polymer composite properties in two 
other cases. Bousselham et al. (2006) conducted experiments aimed at examining the 
behavior of deep reinforced concrete T-beams (a/d ratio = 1.5) externally strengthened 
with U-shaped carbon fiber-reinforced polymer composite materials. It was shown that 
FRP reinforcement increased the shear strength of reinforced concrete beams and that 
maximum strength was reached when FRP reinforcement delamination occurred at strain 
ranging from 1900 to 4520 micro strains. FRP material properties were reported to have a 
modulus of 35,244 ksi, a tensile strength of 450 ksi, and a tensile strain of 1.3%. These 
modulus and strength values are closer to the fiber properties than the polymer composite 
properties, and the test method used to determine these properties was not described, 
making it difficult to perform an independent analysis of their test results.  
 In addition to the above experimental studies, Park and Aboutaha (2009) analyzed 
the test results of 17 deep beams tested by Fanning and Kelley (1999) and Chaalal (1998) 
using a Strut and Tie Model. The strengths of externally strengthened reinforced concrete 
bridge pier caps with FRP system were calculated, and compared with analytical results 
conducted by Park and Aboutaha (2005). A finite element analysis was performed and 
compared with results from the experimental studies on externally strengthened 
reinforced concrete beams with FRP system carried out by Deniaud and Cheng (2001), 
Chaallal et al. (1998), and Fanning and Kelly (1999). The experimental studies included 
test specimens having a/d ratios greater than 2.5, which do not exhibit similar behavior to 
that of deep components. Thus, the finite element analysis carried out based on the 
experimental studies would not be applicable to reinforced concrete beams controlled by 
concrete tied arch behavior.  
 Based on the above reviews, it is evident that behavior of the reinforced concrete 
bridge pier caps strengthened with externally bonded reinforcement has not been studied 
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sufficiently to enable the development of design criteria for strengthening reinforced 
concrete pier caps with externally bonded stainless steel plates. 
1.3 Objectives 
The objectives of this research work are to: 
1) Investigate the behavior of externally bonded stainless steel systems for 
strengthening reinforced concrete cantilever bridge pier caps through an 
experimental testing program; and 
2) Develop an analytical method for estimating the strength of beams reinforced by 
externally bonded stainless steel plates. 
1.4 Thesis Outline 
 This dissertation presents experimental and analytical studies of reinforced 
concrete bridge pier caps with externally bonded stainless steel reinforcement systems. 
Organization of this dissertation is listed as follows: 
 Chapter 2 presents current analytical models for computing the strength of 
reinforced concrete deep components. Sectional models, strut-and-tie models, and 
mechanics-based models are described in this chapter. To experimentally validate the 
analytical models, 156 experimental data are assembled and analyzed using the analytical 
models.  
 Chapter 3 presents an experimental investigation of reinforced concrete bridge 
pier caps with externally bonded stainless steel plates. The construction of full-scale 
bridge pier caps and the strengthening procedure of the externally bonded stainless steel 
plates are described. A description of the test set-up and results of the laboratory 
experiments are presented in this chapter.  
 Chapter 4 describes the development and application of analytical approaches for 
computing the strength of the reinforced concrete bridge pier caps with externally bonded 
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reinforcement system. Two analytical approaches are presented and experimentally 
validated using the bridge pier caps tested in this research work.  
 Chapter 5 presents a summary and conclusions drawn from the major findings of 






















ANALYTICAL MODELS FOR ESTIMATING THE SHEAR 
STRENGTH OF REINFORCED CONCRETE BRIDGE PIER CAPS 
 
 At present, the shear strength of reinforced concrete bridge elements is 
determined in accordance with AASHTO LRFD Bridge Design Specifications (2012). 
The AASHTO LRFD Bridge Design Specifications provides two different approaches: 
the sectional design model, and the strut-and-tie design model. Because of the advantage 
of the strut-and-tie model when applied to reinforced concrete deep members, other 
organizations such as the American Concrete Institute (ACI) and the Federation 
Internationale de la Precontrainte (FIP) have adopted variants of these strut-and-tie 
models. Brief reviews of these analytical models are presented in this chapter. 
2.1 AASHTO Sectional Model 
 Article 5.8.3 of AASHTO LRFD Bridge Design Specifications (AASHTO, 2012) 
provides three sectional design models: the Simplified Procedure for Nonprestressed 
Sections, the General Procedure, and the Simplified Procedure for Prestressed and 
Nonprestressed Sections. For the beams controlled by inclined web cracks, on which this 
research work pays attention, the Simplified Procedure for Prestressed and 
Nonprestressed Sections yields analytical results that are practically identical to those 
obtained from the Simplified Procedure for Nonprestressed Sections. Thus, the 
Simplified Procedure for Prestressed and Nonprestressed is excluded in this chapter.  
2.1.1 AASHTO Simplified Procedure for Nonprestressed Sections 
 This analytical approach is applicable to reinforced concrete members having an 
overall depth less than 16 in. and containing a minimum amount of transverse 







fA '0316.0  (2.1) 
where,  
vA  = area of a transverse reinforcement within distance s (in.
2) 
'cf  = specified compressive strength of concrete (ksi) 
vb  = with of web adjusted for the presence of ducts (in.) 
s  = spacing of transverse reinforcement (in.) 
yf  = yield strength of transverse reinforcement (ksi) 
The nominal shear resistance of the members can be computed as follows: 
pscn VVVV   (2.2) 





  (2.4) 
where, 
  = tensile stress factor indicating ability of cracked concrete to transmit 
shear reinforcement component 
  = angle of inclination of diagonal compressive stresses 
  = angle of inclination of transverse reinforcement to longitudinal axis  
vd  = effective shear depth (in.) 
For sections not subjected to axial tension and containing at least the minimum transverse 
reinforcement specified in Eq. 2.1, the values of   and   can be taken as 2.0 and 45˚ 
respectively.  
2.1.2 AASHTO General Procedure 
 This analytical procedure is based on the Modified Compression Field Theory 
(MCFT) developed by Vecchio and Collins (1986), and simplified by Bentz et al. (2006) 
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for practical applications. This procedure takes into consideration the strain effect of 
longitudinal tension reinforcement and the maximum size of the aggregates used in the 




















for sections containing at least the 
minimum transverse reinforcement 
(2.5) 
for sections not containing at least the 





























In the above equations, 
s  = strain in nonprestressed longitudinal tension reinforcement 
xs  = crack spacing parameter 
ga  = maximum aggregate size (in.) 
uM  = factored moment at the section (kip-in.) 
uN  = applied factored axial force taken as positive if tensile (kip) 
uV  = factored shear force at section (kip) 
pV  = effective prestressing force (kip) 
psA  = area of prestressing steel (in.
2) 
pof  = a parameter taken as modulus of elasticity of prestressing tendons 
multiplied by the locked-in difference in strain between the 
prestressing tendons and the surrounding concrete (ksi) 
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sE  = modulus of elasticity of reinforcing bars (ksi) 
pE  = modulus of elasticity of prestressing tendons (ksi) 
sA  = area of nonprestressed tension reinforcement (in.
2) 
psA  = area of prestressing steel (in.
2) 
The angle of inclination of diagonal compressive stress is defined as 
s 350029   (2.8) 
2.2 AASHTO Strut-and-Tie Model 
 The AASHTO Strut-and-Tie Model specified in Article 5.6.3 of AASHTO (2012) 
may be applied to deep bridge components, subjected to loading such that the distance 
from the point of zero shear to the face of the support is less than twice the effective 
depth of the components. The AASHTO Strut-and Tie Model adopts a prismatic 
compressive strut, the strength of which is established as follows: 
cscun AfP   (2.9) 














)(cot)002.0( 21 sss    (2.12) 
where,  
nP  = strength of unreinforced strut or tension tie (kip) 
cuf  = limiting compressive stress in compressive strut (ksi) 
csA  = effective cross-sectional area of compressive strut (in.
2) 
stA  = total area of longitudinal mild steel reinforcement in the tie (in.
2) 
pef  = stress in prestressing steel due to prestress after losses (ksi) 
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l  = principal tensile strain in cracked concrete due to factored loads 
s  = tensile strain in the concrete in the direction of the tension tie 
s  = the smallest angle between the compressive strut and adjoining 
tension ties (degrees) 
This model does not account for the contribution of either the transverse reinforcement or 
the crack control reinforcement specified in Article 5.6.3.6 of AASHTO (2012). To 
ensure ductile behavior of the deep reinforced concrete members, Article 3.6.3.6 of 
AASHTO LRFD Bridge Specifications requires that the crack control reinforcement have 
spacing not greater than one-fourth the effective depth of the member or 12 in. The crack 














vA  = total area of vertical crack control reinforcement within spacing vs (in.
2) 
hA  = total area of horizontal crack control reinforcement within 
spacing hs (in.
2) 
wb  = width of member’s web (in.) 
vs  = spacing of vertical crack control reinforcement (in.) 
hs  = spacing of horizontal crack control reinforcement (in.) 
2.3 ACI 318 Strut-and-Tie Model 
 In the ACI 318 strut-and-tie model (ACI, 2008), the compressive strut is assumed 
to have a bottle shape for which the strength is computed as a function of the amount of 
transverse reinforcement as follows: 
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cscens AfF   (2.14) 
'85.0 csce ff   (2.15) 
where,  
nsF  = nominal strength of a strut 
cef  = effective compressive strength of the concrete in a strut or a nodal 
zone (psi) 
csA  = cross-sectional area at one end of a strut in a strut-and-tie model, 
taken perpendicular to the axis of the strut (in.2) 
s  = factor accounting for the effect of cracking and confining 
reinforcement on the effective compressive strength of the concrete in 
a strut.  
For the cases in which the compressive strength of concrete is less than 6 ksi, s  is 



























  (2.16) 
where,  
siA  = total area of surface reinforcement at spacing is ( in.
2) 
sb  = width of a strut (in.) 
is  = spacing of transverse reinforcement in i-th layer (in.) 
i  = angle between the axis of a strut and the bars in the i-th layer of 
reinforcement crossing that strut 





2.4 FIP Strut-and-Tie Model 
 The strut-and-tie model in FIP (1999) is constructed by considering two separate 
mechanisms: an inclined strut and a truss representing the vertical transverse 





















Figure 2.1- Strut-and-Tie Model for a deep component with a concentrated load 
(FIP, 1999) 
FIP recommends that transverse reinforcement be distributed over the length wa  as 
shown in Fig. 2.1. FIP also recommends that the amount of transverse reinforcement be 
greater than 0.1% of the member. wa  can be computed using the following equation.  
)4/85.0( zaaw   (2.17) 
where,  
a  = shear span  
z  = inner lever arm 













1F  = strength of transverse reinforcement 
F  = applied force of the deep component 
a  = shear span  
z  = inner lever arm 
The resisting force of a strut and the effective strength of concrete are computed as 
follows: 
effcdcRCD fAF ,  (2.19) 
cdeffcd ff ,12,   (2.20) 
 where,  
RCDF = resisting force of a compression chord 
cA = area of a compression section or strut 
effcdf , = effective design value of concrete compressive strength 
2 = coefficient accounting for cracking on compressive strut 
cdf ,1 = uniaxial design strength of concrete determined as shown in Section 
2.1.2 of FIP (1999) 













for uncracked struts with uniform strain distribution 
(2.21) for struts with cracks and bonded transverse reinforcement 
for struts with normal crack widths 
for struts with large crack widths 
2.5 Zararis’ Analytical Approach 
 Zararis (2003) suggested a mechanics-based model for computing the shear 
strength of reinforced concrete beams having shear span to depth ratio between 1 and 2.5. 
Concrete tied arch behavior was considered after the diagonal crack is formed by a shear 

















































a  = shear span 
b  = width of beam 
c  = depth of compression zone above flexural cracks 
sc  = depth of compression zone above diagonal crack 
d  = effective depth to tension reinforcement 
  = ratio of main tension reinforcement ( bdAs / ) 
v  = ratio of vertical web reinforcement ( bdAvh / ) 
h  = ratio of horizontal web reinforcement ( bdAv / ) 
sA  = area of tension reinforcement 
vhA  = area of horizontal web reinforcement 
vA  = area of vertical web reinforcement 
yvf  = yield strength of vertical web reinforcement (MPa) 
The depth of the compression zone at the onset of the diagonal crack formation is 













)/)(/(1 daR v   (2.24) 
Depth of compression zone after the formation of flexural cracks is computed by the 


































cf   = nominal compressive strength of concrete (MPa) 
It should be noted that the strain distribution through the depth of the deep beam was 
assumed to be linear in the area of pure bending, and the strain of concrete at maximum 
strain was assumed to be 0.002.  
2.6 Modification to the Zararis’ Analytical Approach 
 The original form of Zararis Method was modified by Bechtel (2011) who 
considered yielding of the longitudinal tension reinforcement and revised the value of 
maximum compressive strain of concrete to be 0.003 in the area of pure bending. For the 
stress distribution of concrete, a parabolic stress distribution with the maximum stress of 
'85.0 cf was assumed. The depth of the compression zone at the formation of flexural 
cracks are then calculated from solving the following quadratic equation for the case 






























For the case in which ys   , the depth of the compression zone above flexural cracks 









  (2.27) 
The shear span to depth (a/d) ratio in Eqs. 2.22, 2.23 and 2.24 was replaced by an 































Figure 2.2-Geometry of effective shear span to depth ratio (Bechtel, 2011) 
2.7 Validation of Analytical Models 
 The shear strength values computed from the seven analytical methods presented 
earlier in this chapter are compared with those obtained from 156 experimental tests (see 
Appendix B). These 156 experimental tests contain the following parameters which are 
required for the afore-mentioned analytical methods: 1) a/z ratio between 1 and 2 as 
specified in the FIP Strut-and-Tie Model, 2) compressive strength of concrete less than 6 
ksi as specified by the ACI Strut-and-Tie Model, and 3) reported information about 
bearing areas and material properties by tests. The ratios of experimental strength to 



































































(c) Zararis’ and Modified Zararis’ Method 
Figure 2.3- Comparison of analytical results with experimental results 
Table 2.1- Comparison of analytical results to experimental results 
 
Pexperiment/Panalysis 
Mean Std. COV (%) 
AASHTO Simplified Procedure 3.48 1.61 48.1 
AASHTO General Procedure 2.60 1.17 44.9 
AASHTO Strut-and-Tie Model 2.02 0.58 28.7 
ACI Strut-and-Tie Model 1.60 0.43 26.8 
FIP Strut-and-Tie Model 1.76 0.56 31.8 
Zararis’ Approach 1.00 0.25 25.1 
Modified Zararis’ Approach 1.26 0.29 23.3 
Sample size : 156 
Note: AASHTO Simplified Procedure was used for analysis despite the  




It is evident from Fig. 2.3 and Table 2.1 that the experimental data can be well 
represented by an analytical approach derived from the Zararis’ analytical model. Of 
interest is the fact that both the AASHTO Simplified Procedure and the General 
Procedure yielded greater values of Pexperiment/Panalysis than strut-and-tie models and 
mechanics-based approaches did. This is in line with the conclusion of Kani (1964), who 
demonstrated that for reinforced concrete members having a/d ratio less than 2.5, the 
strength is governed by the tied arch mechanism. In particular, the AASHTO Simplified 
Procedure yielded a mean Pexperiment/Panalysis ratio of 4.63 for the test specimens containing 
no transverse reinforcement. This is because the AASHTO Simplified Procedure does not 
consider size effect of the deep components.  
 The ratios of experimental results to analytical results using strut-and-tie models 
are shown in Fig. 2.3-(b). Strut-and-Tie Models yielded mean values of Pexperiment/Panalysis 
ranged from 1.60 to 2.02. In particular, for tests not containing the transverse 
reinforcement, sectional models yielded significantly greater values of Pexperiment/Panalysis 
than those resulting from the strut-and-tie models. These results are consistent with the 
findings of Collins and Mitchell (1991). The AASHTO Strut-and-Tie Model yielded 
mean Pexperiment/Panalysis ratio of 1.96 for the tests containing transverse reinforcement and 
2.11 for the tests not containing transverse reinforcement. The small difference between 
these two ratios is due to the fact that AASHTO Strut-and-Tie Model does not account 









 This chapter describes the experimental work aimed at investigating the behavior 
of shear strength-deficient reinforced concrete bridge pier caps strengthened with 
externally bonded stainless steel reinforcement. The work is limited to cases in which the 
shear span-to-depth ratios is between 1.5 and 2, which are commonly found in reinforced 
concrete bridge pier caps constructed throughout the State of Georgia. 
3.1 Pier Cap Specimens 
 Nine full-scale reinforced concrete pier cap specimens were designed and 
constructed for testing. Seven of the specimens were reinforced with externally bonded 
stainless steel reinforcement. The external reinforcement was made of UNS S32003 
(ATITM 2003) duplex stainless steel plates having a width of 2.17 in. and a thickness of 
0.055 in. Test specimens were classified into three groups, the details of which are 
presented below. 
 Group A: The pier cap specimens in this group had a shear span-to-depth ratio of 
1.5 and a longitudinal tension reinforcement ratio of 1.3% consisting of six #10 
steel bars. These specimens were built without any transverse reinforcement in 
the shear span. 
 Group B: These specimens were built to represent the bridge pier caps having the 
minimum amount of transverse reinforcement specified in AASHTO (2012). The 
specimens had a transverse reinforcement ratio of 0.11%, a shear span-to-depth 
ratio of 1.5, and a longitudinal reinforcement ratio of 1.3%. 
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 Group C: The specimens in this group were built to have a shear span-to-depth 
ratio of 2, a longitudinal tension reinforcement ratio of 0.85%, and a transverse 
reinforcement ratio of 0.11%. 
Details and dimensions of all test specimens are given in Fig. 3.1 and Tables 3.1, 3.2 and 
3.3. Details of each test specimen are presented in Appendix B. 
 
Figure 3.1- Details of Pier Cap Specimens 























BL2* 107.5 48 30 18 36 32.12 36 18 11.5
AR014 107.5 48 30 18 36 32.12 36 18 11.5
AR035 107.5 48 30 18 36 32.12 36 18 11.5
B 
BS00 107.5 48 30 18 36 32.12 36 18 11.5
BSR008 107.5 48 30 18 36 32.12 36 18 11.5
BSR014 107.5 48 30 18 36 32.12 36 18 11.5
C 
CS00 127.5 68 50 18 36 33.36 36 18 11.5
CSR018-1 127.5 68 50 18 36 33.36 36 18 11.5
CSR018-2 127.5 68 50 18 36 33.36 36 18 11.5
CSR035 127.5 68 50 18 36 33.36 36 18 11.5
* BL2 is the reference test specimen reported by Zureick et al. (2013) 
L =length of specimen, a = shear span, b = width of specimen, h = height of specimen, 
ed = effective depth of specimen, cL =length of column, ch =height of column, and  

















BL2* - - - - 
AR014 - 2.17 0.055 9.38 
AR035 - 2.17 0.055 3.75 
B 
BS00 20 - - - 
BSR008 20 2.17 0.055 17.13 
BSR014 20 2.17 0.055 9.38 
C 
CS00 20 - - - 
CSR018-1 20 2.17 0.055 7.50 
CSR018-2 20 2.17 0.055 7.50 
CSR035 20 2.17 0.055 3.75 
 * BL2 is the reference test specimens reported by Zureick et al. (2013) 
vs = spacing of internal transverse reinforcement, vERw = width of stainless steel plate, 
vERt = thickness of stainless steel plate, and vERs = spacing of external reinforcement. 
 




da /0 eda /  (%) v (%) vER (%) 
A 
AR014 1.5 0.9 1.30 - 0.14 
AR035 1.5 0.9 1.30 - 0.35 
B 
BS00 1.5 0.9 1.30 0.11 - 
BSR008 1.5 0.9 1.30 0.11 0.08 
BSR014 1.5 0.9 1.30 0.11 0.14 
C 
CS00 2.0 1.5 0.85 0.11 - 
CSR018-1 2.0 1.5 0.85 0.11 0.18 
CSR018-2 2.0 1.5 0.85 0.11 0.18 
CSR035 2.0 1.5 0.85 0.11 0.35 
eda /0 = reference shear span to effective depth ratio, eda / = shear span to effective depth 
ratio,  = longitudinal tension reinforcement ratio ( es bdA / ), v = internal transverse 
reinforcement ratio ( vv bsA / ), and vER = external stainless steel reinforcement ratio 




3.2 Fabrication of the Stainless Steel Reinforcement System 
 The external reinforcement system consists of UNS S32003 duplex stainless steel 
channels fabricated from coils having a width of 2.17 in. and thickness of 0.055 in. The 
dimensions of the channels are .25.182 / inth bottomtopa  , .25.362 intb
side
a  , and 
.5.0 inR   Two stainless steel channels were externally bonded with adhesives having a 
thickness of approximately 1/8 in. ( bottomtopat
/  and sideat ) on each surface of the pier cap 
specimens. To achieve a confinement effect due to the stainless steel reinforcement, 
flanges of the two channels were welded together using Gas Tungsten Arc Welding 





Figure 3.2- Externally bonded stainless steel reinforcement system 
 
3.3 Strengthening Procedure 
 The externally bonded stainless steel reinforcement system was applied to the pier 
cap specimens. UNS S32002 duplex stainless steel coils having a width of 2.17 in. and a 
thickness of 0.055 in. were used for the externally bonded reinforcement system. The 
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procedure for bonding the stainless steel reinforcement was reported (Zureick et al., 
2014) and is repeated here for clarity: 
 Step 1 – Surface preparation: the concrete surface was grooved so that level 2 
Concrete Surface Profiles (CSP2) recommended by the International Concrete 
Repair Institute (ICRI), was obtained (Figure 3.3). 
  
(a) before                                                 (b) after 
Figure 3.3- Surface preparation 
 Step 2 – Side bonding of the stainless steel reinforcement: the fabricated channels 
were bonded on both sides of the specimen using Sikadur 30 adhesive. The 
thickness of the adhesive layer on each side of the specimens was approximately 
1/16 in. Figure 3.4 shows the side bonding procedure in progress. 
   
Figure 3.4- Side bonding 
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 Step 3 – Welding of stainless steel channel flanges: The top and bottom flanges of 
each of the two opposing stainless steel channels were welded using a GTAW 
process with a 1/8 in. thick ceramic backing plate, placed underneath the joint in 
the gaps between the channel flanges and the concrete surface. ER2209 stainless 
steel filler materials were used for the GTAW process. 
 
Figure 3.5- Welding stainless steel bottom flanges 
 Step 4 – Top and bottom epoxy injection: In the 1/8 in. gaps present between the 
flanges and the concrete surface, Sikadur Crack Fix adhesive was injected as 
shown in Fig. 3.6. 
 
Figure 3.6- Adhesive Injection 
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3.4 Material Properties 
Concrete: A maximum aggregate size of 1 in. was used for concrete. On the day of 
testing, the concrete properties of the beam and column were determined for each 
specimen by testing three concrete cylinders in accordance with ASTM C39/C39M and 
C469/C469M. These values are listed in Table 3.4. 
 





fc' (psi) fc' (psi) Ec (ksi) 
A 
AR014 - 3402 3849 
AR035 - 3599 - 
B 
BS00 6472 6164 4273 
BSR008 6738 6085 3880 
BSR014 6592 6024 3896 
C 
CS00 6427 6655 3794 
CSR018-1 6699 6258 3473 
CSR018-2 6471 6008 4034 
CSR035 6667 6419 4023 
 
Steel reinforcement: In accordance with ASTM E8, yield strengths of No. 4, 6 and 10 
A615/Grade 60 steel reinforcing bars were determined and listed in Table. 3.5. Stress vs. 
strain curves of the steel reinforcements are shown in Fig. 3.7.  
 
Table 3.5- Material properties of steel reinforcements 
Group 
Yield strength of steel reinforcements fy (ksi) 
No.10 No.6 No.4 
A 80.0 - - 
B 74.6 83.9 89.4 






















No. 10 (Group A)
No. 6   (Group B and C)
No. 4   (Group B and C)
No. 10 (Group B and C)
 
Figure 3.7- Stress vs. strain curves of steel reinforcement 
 
Stainless Steel Reinforcement: To determine material properties of the stainless steel 
plates, tensile tests on five coupons of the parent material and five coupons welded at the 
center of the coupons were determined in accordance with ASTM E8. Test results from 
these coupons as reported by Zureick et al. (2014) are listed in Table 3.6. The stress-



















































WP1 0.503 0.0442 86.8 85.1 105.0 7.5 
WP2 0.505 0.0495 87.6 86.9 109.6 10.5 
WP3 0.505 0.0544 85.8 83.8 107.3 11.0 
WP4 0.505 0.0529 85.0 85.5 104.1 10.0 
WP5 0.504 0.0548 84.6 80.8 107.1 10.5 
SS1 0.505 0.0548 84.8 82.0 112.3 26.5 
SS2 0.497 0.0550 85.7 84.6 116.1 31.5 
SS3 0.503 0.0560 86.9 85.4 113.8 28.0 
SS4 0.504 0.0562 89.0 84.1 116.6 30.0 
SS5 0.500 0.0556 87.4 83.8 115.8 31.0 
Note: The 0.2% offset method was used in subsequent calculations 
 
3.5 Experimental Set-up and Measurements 
 Reinforced concrete pier cap specimens were tested under a simply supported 
boundary condition with a concentrated load applied at the center of the column (Fig. 3.9). 
The concentrated load was applied by a 1000 kip hydraulic ram, and the applied load was 
measured by a load cell mounted at the hydraulic ram. A string potentiometer was used to 
measure the deflection at the center span of the test specimens. Strains in the externally 
bonded stainless steel plates were measured by linear variables displacement transducers 
(LVDTs) mounted on the surfaces of the plates. In the compression zone of the test 
specimens, four horizontal LVDTs were mounted to obtain the strain distribution. To 
monitor strain variation in the longitudinal direction of the test specimens, both strain 
gauges mounted on the compression and tension reinforcements and a horizontal LVDT 
mounted at the location of the resultant tensile force were used. Figure 3.9 shows the test 
set-up and locations of LVDTs. The locations of strain gauges mounted on the steel 





Figure 3.9- Measurements and Test Set-up 
 
 



























AR014 29.75 7.76 9.38 96.0 2.38 2.0 16.0 8.0 30.25
AR035 29.75 7.76 3.75 96.0 2.38 2.0 16.0 8.0 30.25
B 
BS00 29.75 7.76 9.38 96.0 2.38 2.0 16.0 8.0 24.00
BSR008 29.75 7.76 9.38 96.0 2.38 2.0 16.0 8.0 24.00
BSR014 29.75 7.76 9.38 96.0 2.38 2.0 16.0 8.0 24.00
C 
CS00 31.00 9.00 7.50 136.0 2.38 2.0 16.0 8.0 34.00
CSR018-1 31.00 9.00 7.50 136.0 2.38 2.0 16.0 8.0 34.00
CSR018-2 31.00 9.00 7.50 136.0 2.38 2.0 16.0 8.0 34.00
CSR035 31.00 9.00 3.75 136.0 2.38 2.0 16.0 8.0 34.00
 
3.6 Test Results 
 All specimens were loaded monotonically to failure to investigate the behavior of 
the reinforced concrete pier caps with externally bonded stainless steel reinforcement 
systems. Observations and findings from all tests conducted are summarized below. 
3.6.1 Failure Mode of Pier Cap Specimens 
 Failure of specimens AR014, BS00, BSR008, BSR014, and CS00 occurred after 
the formation of diagonal cracks. Failure of specimens CSR018-1, CSR018-2, and 
CSR035 occurred gradually after yielding of the longitudinal tension reinforcement. 
Table 3.8 summarizes loads at the formation of a diagonal crack, loads at failure, and 
failure modes. Crack patterns of the tested specimens are shown in Fig. 3.11. 
 Specimens AR014, BSR00, BSR008, and BSR014 developed diagonal cracks and 
continued to resist the applied load up to failure. For the specimens with externally 
bonded stainless steel system, AR014, BSR008, and BSR014, the diagonal crack 
occurred in the web and extended from the support to the column-pier cap re-entrant 
corner. This was followed by failure of the specimens. Figure 3.12 shows propagation of 
a diagonal crack for specimen BSR008. 
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Load at the formation







BL2* 631 631 Diagonal crack 
AR014 554 748 
Diagonal crack and crushing 
at the compression zone 
AR035 871 ** Column crack and plate debonding
B 
BS00 824 824 Diagonal crack 
BSR008 888 980 
Diagonal crack and crushing 
at the compression zone 
BSR014 945 1050 
Diagonal crack and crushing 
at the compression zone 
C 
CS00 508 508 
Diagonal crack and crushing 
at the compression zone 
CSR018-1     514*** 547 Yielding of tension reinforcements
CSR018-2     481*** 533 Yielding of tension reinforcements
CSR035     520*** 590 Yielding of tension reinforcements
* BL2 is the reference test specimen reported by Zureick et al. (2013) 
** Diagonal cracks spread through the column 































Figure 3.11-(f) Crack patterns of CS00 specimen 
 




Figure 3.11-(h) Crack patterns of CSR018-2 specimen 
 






(a) Load at formation of diagonal crack                   (b) Load at failure 
Figure 3.12- Progression of diagonal crack for BSR008 specimen 
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 Specimen AR035, containing six externally bonded stainless steel plates on each 
shear span, showed plate debonding and column cracking. Figure 3.13 shows the column 
cracking at failure. 
Crack in the 
column Crack in the 
column
 
Figure 3.13- Column cracks for AR035 specimen 
 For the externally reinforced specimens in group C, CSR018-1, CSR018-2 and 
CSR035, a flexural failure mode was initiated by yielding of the longitudinal tension 
reinforcement at the mid-span. At approximately 200 kips, flexural cracks occurred at 
mid-span as shown in Fig. 3.14-(a). As the applied load increased up to 400 kips, the 
flexural cracks propagated along the entire span and diagonal cracks occurred within the 
shear span occurred (Fig. 3.14-(b)). At failure, the diagonal cracks did propagate through 
the shear span while flexural cracks that occurred at the mid-span spread though the 
entire depth of the specimens. Figure 3.14-(c) shows the flexural crack pattern when the 
failure occurred. 
 




Figure 3.14-(b) Diagonal cracks at the load of 400 kips (CSR018-2 specimen) 
 
Figure 3.14-(c) Flexural cracks at failure (CSR018-2 specimen) 
 
 In specimens AR014, BSR008, BSR014, and CS00, the concrete crushed at 
failure. This was followed by the formation of diagonal cracks in the web. This 
observation agrees with the experimental works conducted by both Foster and Gilbert 
(1998) and Bechtel (2011). Figure 3.15 shows concrete crushing of specimens AR014, 
BS008, BSR014, and CS00. 
 




(b) BS008 Specimen 
  
(c) BSR014 Specimen                         (d) CS00 Specimen 
Figure 3.15- Concrete crushing at pier cap-column corner 
 
 In specimens, AR014, AR035, BSR008 and BSR014, progressive debonding of 
the stainless steel plates was observed. The debonding initiated at the location of diagonal 
cracks and propagated as the applied load increased. At failure, complete debonding of 










(a) Load at formation of diagonal crack                 (b) Load at failure 
Figure 3.16- Progression of plate debonding for BSR008 specimen 
3.6.2 Load - Deflection Behavior 
 The externally bonded stainless steel reinforcement system was shown to be an 
effective method for increasing the load carrying capacity of reinforced concrete pier 
caps. Load-carrying capacity of specimens with externally bonded stainless steel plates 
increased even after onset of the diagonal cracks. Load vs. deflection curves of tested 
specimens are presented in Fig. 3.17-(a), 3.17-(b), and 3.17-(c). Figure 3.18 shows the 
loads at which the diagonal crack was formed and failure occurred. The externally 
bonded stainless steel plates delayed failure of the specimens in Group A and B. The 
externally reinforced specimens in group C failed in flexure after yielding of longitudinal 
tension reinforcements. For this group of specimens, the amount of external 
reinforcement had an insignificant effect on increasing the load-carrying capacity. 
However, such reinforcements successfully altered the failure mode and formed yielding 
of the longitudinal tension reinforcement prior to the formation of the diagonal cracks 











































































































































Load at formation of diagonal crack
Load at failure
 
Figure 3.18- Loads at the formation of the diagonal crack and failure 
3.6.3 Strains in the Stainless Steel External Reinforcement 
 Strains in the externally bonded stainless steel plates were measured using 
vertically mounted LVDTs. The vertical strains within the shear span increased as the 
applied load increased. Larger strain values were measured near the middle of the shear 
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span than near the supports and column. Cao et al. (2005), who examined reinforced 
concrete beams strengthened with externally bonded FRP composites, reported strain 
variations having the maximum value at mid-shear span. The larger strains near the mid-
shear span demonstrated that the plates bonded in the middle of the shear span 
contributed the most to load-carrying capacity of the pier cap specimen. This is due to the 
initiation of a diagonal crack that initiated near the middle of the web and propagated 
toward the column and the support. Figure 3.19 shows the variation of vertical strains for 
BSR008 specimen. The externally bonded stainless steel plates started to resist the 
applied load when concrete tied arch behavior became dominant. An increase in the 
vertical strains was observed at a load greater than 300 kips at which the tied arch 
mechanism initiated. The plots for the variation of vertical strains in the stainless steel 






























Distance from left support (in.)
Distance from left support (in.)300 kips 800 kips 888 kips 980 kips
 
Figure 3.19- Variation of vertical strains in stainless steel plates for BSR008 
specimen 
 
 Maximum vertical strains within the shear span at the load where the diagonal 
crack formed and when failure occurred are listed in Table. 3.9. It is to be noted that the 
vertical strains in the stainless steel plates did not reach the yield strain of the stainless 
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steel material throughout the entire duration of the tests. Strains in the stainless steel 
plates bonded near the column exhibited larger values than those in the plates near the 
support. The maximum strains in the stainless steel plates within the shear span at the 
formation of diagonal crack and failure are shown in Fig. 3.20. The average value of the 














































Load at formation of diagonal crack
Load at failure
 
Figure 3.20- Strains in the externally bonded transverse reinforcement 
 





Load at the formation of 
the diagonal crack 
Load at failure 
A 
BL2* Not recorded Not recorded 
AR014 0.00095 0.00320** 
AR035 0.00169 0.00292** 
B 
BS00 0.00122 0.00122** 
BSR008 0.00142 0.00246** 
BSR014 0.00148 0.00230** 
C 
CS00 0.00418 0.00418** 
CSR018-1 0.00197 0.00345** 
CSR018-2 0.00163 0.00321** 
CSR035 0.00147 0.00346** 
* BL2 is the reference test specimen reported by Zureick et al. (2013) 




Throughout the tests of group specimens A, B, and C having externally bonded stainless 
steel strips, the maximum vertical strains in the strips were plotted with respect to the 
applied load. Figure 3.21-(a), 3.21-(b), and 3.21-(c) show the maximum vertical strains vs. 
applied load for the specimens in group A, B and C respectively. Specimen BSR014 
having %14.0vER  showed smaller strains in the stainless steel strips than specimen 
BSR008 having %08.0vER . This behavior was also observed from specimens in 
groups A and C. Vertical deformation of the pier cap specimens was resisted by the 


















































































Figure 3.21-(c) Maximum vertical strain vs. applied load for Group C specimens 
3.6.4 Strains in the Longitudinal Steel Reinforcement 
 Strains in the longitudinal tension reinforcement when the diagonal cracks formed 
and when failure occurred are shown in Table 3.10. The variation of the applied load vs. 
strain in longitudinal tension reinforcement is shown in Fig. 3.22-(a) and 3.22-(b) for 































Figure 3.22-(a) Applied load vs. strain in longitudinal tension reinforcement for 





























Figure 3.22-(b) Applied load vs. strain in longitudinal tension reinforcement for 











Load at the formation of 
diagonal crack 
Load at failure 
SGT (Average) LVDT 13 SGT (Average) LVDT 13 
A 
BL2* 0.00202 - 0.00202 - 
AR014 0.00132 0.00151 0.00187 0.00255 
AR035 0.00231 0.00250 0.00264 0.00301 
B 
BS00 0.00144 0.00197 0.00144 0.00197 
BSR008 0.00173 0.00228 0.00195 0.00263 
BSR014 0.00200 0.00265 0.00221 0.00317 
C 
CS00 0.00255 0.00313 0.00255 0.00313 
CSR018-1 0.00244 0.00286 ε > εy (0.00349) ε > εy (0.00349) 
CSR018-2 0.00142 0.00268 ε > εy (0.00349) ε > εy (0.00349) 
CSR035 0.00271 0.00286 ε > εy (0.00349) ε > εy (0.00349) 
* BL2 is the reference test specimen reported by Zureick et al. (2013) 
 
When examining the measured strain data of specimens in group A and B, one would 
note that 1) the maximum strain in longitudinal reinforcing bars did not exceed the yield 
strains of steel reinforcing bars when the specimens reached their ultimate load-carrying 
capacities and 2) the strain values in the longitudinal reinforcing bars of the strengthened 
specimens were higher than those of the reference specimens. For specimens CSR018-1, 
CSR018-2 and CSR035, flexural failure occurred after yielding of the steel reinforcing 
bars at mid-span. The externally bonded reinforcement system increased contribution of 
longitudinal tension reinforcement by increasing the resistance of vertical deformation 






















Strain from LVDT 13
Strains from SGT
 




















Maximum strains in external reinforcements
 
Figure 3.23-(b) Maximum strain in the externally bonded reinforcement at failure 
 
3.6.5 Strut Angles 
 The strut angle of the pier cap specimens with externally bonded stainless steel 
systems was calculated from the vertical reaction force (Rv) at the support, and horizontal 
tension force of the longitudinal tension reinforcement (Rh) as shown in Figure 3.24. The 
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Figure 3.24-Calculation of strut angle 
 




Strut angle at the load of 
formation of diagonal crack 
SGT LVDT 13 
A 
AR014 41.7˚ 37.9˚ 
AR035 40.0˚ 38.3˚ 
B 
BS00 56.5˚ 47.4˚ 
BSR008 53.4˚ 44.9˚ 
BSR014 50.9˚ 43.5˚ 
C 
CS00 38.1˚ 34.9˚ 
CSR018-1 - - 
CSR018-2 - - 
CSR035 - - 
 
The strut angles of CSR018-1, CSR018-2, and CSR035 are not reported in Table 3.11 
because failure of these specimens occurred in flexure prior to the formation of the 
diagonal cracks. When calculating the strut angles using the strain measurements 
obtained from LVDT 13, it was found that the strut angles are in the range between 1  
and 2  shown in Fig. 3.25. Thus, the load applied through the column can be resolved 




Figure 3.25- Estimated ranges of strut angles 
The variation of strut angle with respect to the applied load for specimen AR014 is 
shown in Fig. 3.26. For group A and B specimens, the strut angle decreased at an 
approximate load of 300 kips. For group C specimens, a decrease in strut angle was 
shown at an approximate load of 200 kips. Thus, concrete tied arch mechanism formed at 
























Strut angle from LVDT 13
Strut angle from SGT
 
Figure 3.26-Strut angle vs. applied load for specimen AR014  
3.6.6 Compressive strains in the compression zone 
 Compressive strains in the compression zone were measured by six strain gauges 
mounted in the compression reinforcing bars and four horizontal LVDTs mounted on the 
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surface of the specimens. Throughout the tests, the strains measured by strain gauges 
mounted on the longitudinal compression steel reinforcement indicated that the strain 
values near the pier cap-column corner were greater than those at mid-span. Figure 3.27-
(a), 3.27-(b), 3.27-(c), and 3.27-(d) show the compressive strain variations with respect 
the applied load for specimens BS00, BSR008, BSR014 and CS00, respectively. The 
specimens, BSR008, BSR014 and CS00 which showed the failure mode of the formation 
of diagonal cracks and concrete crushing, had larger compressive strains at SGCL and 
SGCR than SGCC. However, specimen BS00, which failed due to the formation of a 
diagonal crack, showed negligible strain variations were observed among SGCL, SGCR, 
and SGCC. Stress concentration near column-pier cap corner was experimentally shown 
























Figure 3.27-(a) Compressive strains in compression steel reinforcements for 
























Figure 3.27-(b) Compressive strains in compression steel reinforcements for 























Figure 3.27-(c) Compressive strains in compression steel reinforcements for 

























Figure 3.27-(d) Compressive strains in compression steel reinforcements for 
specimen CS00  
 
 Horizontal strains in the compression zone were measured by the four horizontal 
LVDTs to estimate the depth of the compression zone. For specimen AR014 that showed 
a diagonal crack failure mode, strain variations in the compression zone as a function of 
applied load are shown in Fig. 3.28. Compressive strain variations for AR035, BS00, 
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 In this chapter, two new proposed analytical models for shear strength of 
reinforced concrete bridge pier caps with externally bonded reinforcement systems are 
described. The first analytical model was developed based on the Zararis’ approach, and 
the second analytical procedure is based on the superposition of two strut-and-tie models.  
4.1 Proposed Mechanics-Based Approach 
 A mechanic-based analytical model for shear strength of reinforced concrete 
bridge pier caps externally bonded reinforcement system was developed from the work 
by Zararis (2003). Zararis’ analytical model is advantageous, in that it takes into account 
the concrete tied-arch behavior. This model was modified and extended to cover 
reinforced concrete components with externally bonded reinforcement systems.  
4.1.1 Development of Proposed Mechanics-Based Approach 
 To derive an analytical method for a reinforced concrete bridge pier cap with 
external reinforcement systems, a reinforced concrete cantilever pier cap shown in Fig. 
4.1 is considered. 



















 The concrete pier cap member contains internal tension, compression and 
transverse steel reinforcement as well as externally bonded vertical, horizontal, and 
longitudinal reinforcement. In the successive sections, the following notations are 
adopted.  
a  = Shear span 
sa  = Effective shear span 
sc  = The distance between the compression face and tip of diagonal crack 
c  = The distance between the compression face and tip of flexural crack 
ed  = Effective depth of the component 
cL  = Width of the column 
sA  = Cross-sectional area of the longitudinal tension reinforcement 
sA  = Cross-sectional area of the longitudinal compression reinforcement 
tf  = Tensile stress of the longitudinal tension reinforcement 
cf  = Compressive stress of concrete 
Development of the proposed mechanics-based approach will be established based on the 
following assumptions: 
1- Stress distribution in the compression zone 
For computation of the depth of compression zone at the onset of a diagonal 
crack, linear elastic stress distribution of concrete was assumed, and the location 
of the neutral axis was determined from the transformed section due to flexural 
cracks.  
2- Effective shear span 
In Zararis’ work, shear span was defined as the distance between the resultant 
forces at a support and column. In accordance to the experimental work presented 
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in section 3.6.5, the effective shear span was assumed to be 4/cs Laa   as 























Figure 4.2- Reinforced concrete pier cap with the rectangular stress block 
State of Stress in a Pier Cap after Formation of Diagonal Crack 
 As shown in Fig. 4.3, once a diagonal crack occurs, orthogonal reinforcing bars 
will be strained to resist a deformation or rupture of the member. The strain in steel 
reinforcement at the crack location cr  can be written as the mean crack width mw  
divided by the mean crack spacing ms  as written in the form: 
mmcr sw /  (4.1) 
Similarly, the longitudinal strain in the x-direction can be written as the horizontal mean 













  (4.2) 
From Eq. 4.1 and 4.2, x  can be written as 
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Figure 4.3- Cracked Reinforced Concrete Member (Zararis, 1988) 
For the cracked reinforced concrete member shown in Fig. 4.3, the shear strain at the 

















  (4.4) 
































































s  (4.6) 












































s E  (4.7) 



























s E  (4.8) 






























 The depth of the compression zone between the compression face and the tip of 
the diagonal crack can be determined from the force equilibrium of a diagonally-cracked 
reinforced concrete element. After the formation of the diagonal crack, the cracked 
reinforced concrete component can be considered as two elements, an arch element 
below the diagonal crack and a flexural element above the diagonal crack. The two 
elements after the formation of the diagonal crack are shown in Fig. 4.4. The depth of the 
compression zone below the tip of the diagonal crack can now be determined from the 
consideration of equilibrium of forces.  













Figure 4.4- Two segments after the formation of diagonal crack 
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 Figure 4.5 presents a free-body diagram of the flexural segment E F G H, and 
concrete tied arch segment A B C D, shown in Fig. 4.4. Moment equilibriums of the both 
segments will be considered to derive the equation for the depth of compression zone 

















sT  = Tension force of longitudinal steel reinforcement 
LERT  = Tension force of longitudinal external reinforcement 
fT  = Tension force in the flexural region 
T  = Difference between fT  and resultant tension force ( sT + LERT ) 
cC  = Resultant compression force of concrete 
sC  = Compression force of compression steel reinforcement 
cV  = Shear force of concrete tied arch 
dV  = Shear force in longitudinal steel reinforcement due to dowel action 
sV  = Force of vertical transverse reinforcement 
ERV  = Force of vertical external reinforcement 
sH  = Force due to the shear reinforcement parallel to flexural tension 
reinforcement 
Figure 4.5- Free-body diagram of flexural and concrete tied arch segments 
Moment equilibrium for Flexural Segment 
 After the formation of a diagonal crack, the free-body diagram of the flexural 























Figure 4.6- Free-body diagram of the flexural concrete element 
Zararis (2003) assumed that the stress distribution in the concrete compression zone is 
parabolic with a maximum compressive strain of 0.002. In the present work, the stress 
distribution in the concrete compression zone was assumed to be triangular-shape. It is to 
be noted that any different shapes of distributions yield negligible difference in the depth 
of compression zone, provided that the beam is under-reinforced. Using the triangular-
shaped distribution of concrete stress, the location of the neutral axis can be computed 
from a transformed section of the pier cap.  





VT   (4.10) 
where vd , the distance between resultant tension and compression forces, is 
cdd ev 3
1
  (4.11) 




















































Moment equilibrium for Concrete Tied Arch Segment 
 Considering now the concrete tied arch segment shown in Fig. 4.7. The shape of 
the stress distribution of concrete was assumed to be triangular having the distance from 
the face of compression zone to the centroid of the distribution is 3/sc . The moment arm 
between the force of compression steel reinforcement, sC  and the resultant compressive 
force of concrete, cC  is very small. Thus, it is reasonable to assume for simplification 



















Figure 4.7- Free-body diagram of an arch segment after the formation of diagonal 
crack 
 
By summing moment of forces about point M shown in Fig. 4.7, the following equation 



























The tension forces in the longitudinal steel reinforcement, sT  and longitudinal external 
reinforcement, LERT  are 
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sxss AT   (4.14) 
ERxLERLER AT   (4.15) 
The shear force in longitudinal steel reinforcement due to dowel action, dV  is: 
sxysd AV   (4.16) 
With  cossin4.0 crssxy E , dV  becomes: 
 cossin4.0 crssd EAV   (4.17) 
From Eq. 4.8,  2coscrssx E , then 










  (4.19) 
From Eq. 4.9, the average stress in the externally bonded reinforcement in the x-direction, 
ERx  is: 

























n   


















AT   (4.23) 
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The force in the vertical transverse reinforcement, sV  is: 
vsyvs nAV   (4.24) 







  (4.25) 






V   (4.26) 
After substituting the expressions,  2sincrssy E  and )cos/(
2  ssxcr E  into Eq. 
4.26, sV  becomes: 





V   (4.27) 
Substituting the expressions, sx  from Eq. 4.19 into Eq. 4.27, sV  becomes: 





VV   (4.28) 
The force in the vertical external reinforcement ERV  can be written as follows:  








  (4.30) 
With  2sincrERERy E  and )cos/(




















  (Eq.4.21), the force in the vertical external reinforcement 






nVV   (4.32) 
The force ( sH ) due to the shear reinforcement parallel to flexural tension reinforcement 
is: 





















VH   (4.36) 
Depth of Compression Zone between Compression Face and Tip of Diagonal Crack 
 The shear force in the longitudinal steel reinforcement present in the flexural 













































































































































































































The depth of compression zone, sc  is derived from equating Eqs. 4.37 and 4. 38. The 
equations for sV , ERV  and sH  shown in Eq. 4.28, 4.32 and 4.36 are substituted into Eq. 













































































































































From the analysis of test results reported in Appendix G, the computed values of 
3)/( es dc  were negligible, thus 
3)/( es dc  was ignored for simplification purposes. 




























   (4.41) 













































































n   (4.47) 
For a small number of tests, it was found that the computed value of sc  from Eq. 4.40 is 
less than sd  . This implies that the diagonal crack penetrates the compression steel 
reinforcement. For such cases, it is reasonable to assume that the shear strength limit state 



















Shear Strength Determination 
 The nominal shear strength of the pier cap, nV , is derived from the condition of 
the concrete tied arch segment, shown in Fig. 4.8. The shear strength is computed from 
moment equilibrium about B as follows. The nominal shear strength, nV , of the pier cap 
is obtained from the condition of equilibrium of forces in the concrete tied arch segment. 
By taking moments about B, the equation for, nV , is:  




























11   
if ss dc   
(4.49-a)
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Figure 4.8- Forces on a free-body diagram of arch segment at failure 
Adopting a uniform stress distribution in the concrete of cf 85.0 , the compression force 
of concrete ( cC ) over the depth of compression zone below a diagonal crack is shown as 
follows. 
bcfC scc  85.0  (4.50) 
The compression force of compression steel reinforcement ( sC  ) can be written as 
follows: 










  (4.51-a) 











Following the customary practice of assuming that the internal transverse reinforcement 






V   (4.52) 
 
 66
For the stress in the vertical externally bonded reinforcement, vERf , is taken as the value 
corresponding to a strain of 0.003 (see section 3.6.3). The force in the vertical external 






V   (4.53) 
The forces in the reinforcement parallel to the flexural tension reinforcement ( sH ), the 
longitudinal tension reinforcement ( sT ), and the longitudinal external reinforcement 






H    (4.54) 
sxss AT   (4.55) 
sxLERLER nAT   (4.56) 
Equilibrium of forces shown in Fig. 4.8 in the horizontal direction yields:  
sLERssc HTTCC   (4.57) 
Substituting Eq. 4.54, 4.55 and 4.56 into Eq. 4.57, the average stress in the steel 



























      if   ss dc   (4.58-b)






4.1.2 Experimental Validation of the Analytical Work 
 Results from Eq. 4.49-a and 4.49-b were compared with available results from 
294 experiments conducted on reinforced concrete beams with a/d ratios ranging from 1 
and 2 (see Appendix G). The analytical results from Eq. 4.49-a and 4.49-b were also 
compared with those resulted from testing pier cap specimens with externally bonded 
stainless steel reinforcement, described in Chapter 3. 
Reinforced Concrete Deep Beams 
 Regarding the 294 experiments conducted on the reinforced concrete deep beams, 
Fig. 4.9 and Table 4.1 present the mean, standard deviation and coefficient of variation of 
Pexperiment/Panalysis. The analytical model yielded smaller values of Pexperiment/Panalysis for the 

































Max Min Mean Std. COV (%)
Present Mechanics-based Approach 294 3.64 0.61 1.52 0.46 30.5 
Present Mechanics-based Approach 
(Beams tested without transverse 
reinforcement) 
126 3.64 0.61 1.59 0.55 34.8 
Present Mechanics-based Approach 
(Beams tested with transverse 
reinforcement) 
168 2.88 0.70 1.47 0.38 25.6 
 
 Figure 4.10 shows the computed values of Pexperiment/Panalysis as a function of the 
a/d ratio. Regardless of the amount of transverse reinforcement, it was shown that the 
value of Pexperiment/Panalysis increases as the a/d ratio increases. According to Kani’s work, 
concrete tied-arch becomes dominant load-carrying mechanism for beams having a/d 
ratio less than 2.5. As the a/d ratio increases, the contribution of concrete tied-arch 
mechanism decreases. This is illustrated in Fig. 4.10 showing larger Pexperiment/Panalysis 



















a/d ratio  
Figure 4.10- Pexperiment/Panalysis vs. a/d ratio 
 
 The computed values of Pexperiment/Panalysis as a function of the effective depth of 
the members, are plotted in Fig. 4.11. Due to the limited number of testes on the beams 
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having the effective depth greater than 40 in., size effect of the analytical model was not 




















Effective depth (in.)  
Figure 4.11- Pexperiment/Panalysis vs. effective depth 
 The depth of compression zone representing the distance between the tip of the 
diagonal crack and the face of compression zone is an important parameter to determine 
the strength of the tied arch mechanism. The value of es dc /  was estimated from the 
experimental data of Smith and Vantsiotis (1982) to be 2.0/ es dc . Using the Proposed 
Mechanics-based Approach, the values of es dc /  for the specimens tested by Smith and 
Vantsiotis were computed according to Eq. 4.49-a and 4.49-b. Figure 4.12 presents 
comparison of computed values of es dc /   with the experimentally estimated value of 




















Figure 4.12- Computed cs/de for the work by Smith and Vantsiotis (1982) 
 
For 294 experimental data, the values of es dc / were computed and the results are shown 
in Fig. 4.13. The mean value of computed es dc /  was equal to 0.13. As shown in Fig. 
4.14 presenting the value of es dc /  as a function of a/d ratio, the value of es dc /  
decreases when a/d ratio increases. This is due to the fact that the strength of concrete 
tied arch varies with respect to es dc / , and the influence of the concrete tied arch 




















Mean (cs/de)Analysis = 0.13
Test without transverse reinforcement
Test with transverse reinforcement
 
















Test without transverse reinforcement
Test with transverse reinforcement
 
Figure 4.14- Computed cs/de vs. a/d ratio 
 
Comparison of Analytical Models for Reinforced Concrete Deep Beams 
 To compare the results of analysis among all analytical models presented in 
Chapter 2 and the Proposed Mechanics-based approach, the 156 experimental tests of 
reinforced concrete deep beams presented in Appendix A were analyzed. The mean, 
standard deviation and coefficient of variation of Pexperiment/Panalysis are listed in Table. 4.2. 
The Proposed Mechanics-based Model yielded the mean Pexperiment/Panalysis of 1.44 and 
COV of 29.5 %. When comparing the analytical results among the Zararis’ Approach, 
Modified Zararis’ Approach Proposed Mechanics-based Model, the greatest mean value 
of Pexperiment/Panalysis was obtained by the Proposed Mechanics-based Model. Although the 
mean and standard deviation values of Pexperiment/Panalysis are greater than those computed 
in the original Zararis’ and Modified Zararis’ methods, the Proposed Mechanics-based 
Model is justified as on the grounds that the Zararis’ Approach contained assumptions 






Table 4.2- Comparison of analytical and experimental results 
 
Pexperiment/Panalysis 
Mean Std. COV (%) 
AASHTO Simplified Procedure 3.48 1.61 48.1 
AASHTO General Procedure 2.60 1.17 44.9 
AASHTO Strut-and-Tie Model 2.02 0.58 28.7 
ACI Strut-and-Tie Model 1.60 0.43 26.8 
FIP Strut-and-Tie Model 1.76 0.56 31.8 
Zararis’ Approach 1.00 0.25 25.1 
Modified Zararis’ Approach 1.26 0.29 23.3 
Proposed Mechanics-based Model 1.44 0.42 29.5 
Sample size : 156 
Note: AASHTO Simplified Procedure was used for analyzing experimental 
 data from tests conducted on beams having depths greater than 16 in.  
 
Reinforced Concrete Pier Caps with Externally Bonded Reinforcement System 
 The Proposed Mechanics-based approach was used to calculate the strength of the 
specimens tested in the experimental work reported in Chapter 3. Regarding the material 
properties of the stainless steel, the tensile strength was taken at a strain value of 0.003 
and the secant modulus defined between zero and yield strength were used. Stress-strain 
curve for the stainless steel plate is shown in Fig. 4.15. For this strength computation, the 
actual material properties determined by experiments were used. Table 4.3 shows the 
material properties used in this strength computation.  
 




Table 4.3- Material properties for strength computation 
Group Specimen ID cf  (psi) yf (ksi) yvf (ksi) vERf (ksi) ERE (ksi) 
A 
BL2* 3353 80.0 - - - 
AR014 3402 80.0 - 50.5 16840 
AR035 3599 80.0 - 50.5 16840 
B 
BS00 6164 74.6 89.4 - - 
BSR008 6085 74.6 89.4 50.5 16840 
BSR014 6024 74.6 89.4 50.5 16840 
C 
CS00 6655 74.6 89.4 - - 
CSR018-1 6258 74.6 89.4 50.5 16840 
CSR018-2 6008 74.6 89.4 50.5 16840 
CSR035 6419 74.6 89.4 50.5 16840 
* BL2 is the reference test specimen reported by Zureick et al. (2013) 
 
Table 4.4 shows the comparison between the experimental and analytical strength values. 
The values of es dc /  are also calculated. The Proposed Mechanics-based approach 
yielded reasonable shear strength predictions for the bridge pier caps with externally 
bonded stainless steel reinforcement. The computed strengths of the specimens in group 
B showed that the externally bonded reinforcement system had an insignificant influence 
on the analytical results. However, it would be due to the influence on the compressive 
strength of concrete. The values of ecanalysis bdf/P  presented in Table 4.4 show the 
computed shear strengths excluding the effect of the concrete strength. Figure 4.16 and 
4.17 show the ratios of Pexperiment/Panalysis and es dc /  for each specimen respectively. The 






Table 4.4- Comparison between experimental and analytical results 















BL2* 632 468 0.241 1.35 0.16 
AR014 748 486 0.247 1.54 0.15 
B 
BS00 824 734 0.206 1.12 0.14 
BSR008 980 731 0.208 1.34 0.13 
BSR014 1050 729 0.209 1.44 0.13 
C CS00 508 355 0.089 1.43 0.07 









































Specimen with external reinforcement 
 




































Figure 4.17- cs/de computed by Proposed Mechanics-based Model 
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4.2 Proposed Procedure for the application of a Combined Strut-and-Tie Model for 
Determining the Strength of Reinforced Concrete Bridge Pier Caps 
 
 The mechanics-based approached presented in Section 4.1 is limited to 
calculating only the shear strength of reinforced concrete deep beams and bridge pier 
caps and must be used in conjunction with other equations capable of predicting the 
strength limit states associated with yielding of the tension reinforcement, bearing in 
regions subjected to compressive forces, or regions anchoring the tension reinforcement.  
This section describes a procedure for calculating the strength of a reinforced concrete 
bridge pier cap with externally bonded reinforcement. This procedure requires the 
analysis of a structural model constructed by superimposing a strut-and-tie model and a 
truss model, which was proposed originally by Schlaich and Schäfer (1991) and adopted 
in the FIP (1999) recommendation.  The application of the superposition of these two 
models to reinforced concrete bridge pier caps strengthened with externally bonded 
reinforcement is validated experimentally and is shown to be capable of predicting 
reasonably well the failure modes due to the formation of a diagonal crack or flexure. The 
procedures for calculating the strength of compressive strut, node regions and nominal 
strength of the bridge pier cap are described in this section. 
 
4.2.1 Superposition of Strut-and-Tie Models 
 An elasticity-based combined strut-and-tie model for the bridge pier cap test 
specimens with externally bonded reinforcement is constructed by combining the 
traditional strut-and tie- model representing the concrete tied arch mechanism and a truss 
model representing the externally bonded reinforcement (Figure 4.18). The strength of 
the combined strut-and-tie model is computed by summing the individual strengths of 




(a) Strut model                                                  (b) Truss model 
for the pier cap                                         for the external reinforcement 
F=F1+F2 F=F1+F2
F=F1+F2 F=F1+F2  
   (c) Combined strut-and-tie model 
Figure 4.18- Combined strut-and-tie model for bridge pier caps 
The truss model shown in Fig. 4.18-b contains a vertical tension tie representing 
vertically bonded external reinforcements and fan-shaped compression stress fields. 
Stress check for the fan-shaped compression stress fields shown in Fig. 4.18-b are 
unnecessary since the stress field does not develop transverse stresses (Schlaich, 1991).  
4.2.2 Contribution of Externally Bonded Reinforcement System  
 The externally bonded reinforcement system is treated as a vertical tie of the truss 
model shown in 4.18-b. To estimate the effective number of the externally bonded 
reinforcement system, the equation for wa , provided in FIP (1999) is adopted. wa  can be 
computed as follows: 




sa  = shear span  
z  = inner lever arm 
 
Figure 4.19- Effective region for vertical tension tie  
4.2.3 Strain Calculation  
 The procedure for calculating the strains in the externally bonded reinforcement 
system and longitudinal tension reinforcement is necessary to compute the strength of the 
combined strut-and-tie model. Regarding the strut model shown in 4.18-a, current design 
specifications, AASHTO LRFD Bridge Design Specifications (2012), ACI 318 (2008) 
and FIP (1999) are used. The procedure of strain calculation is presented below. 
 
1. Strain in the longitudinal tension reinforcement, s  of the reinforced concrete 
bridge pier cap without the externally bonded reinforcement system is computed 
in accordance with current strut-and-tie provisions by AASHTO (2012), ACI 
(2008) and FIP (1999). The specific procedures for the strain computation using 





Figure 4.20- Direct strut model in combined strut-and-tie model 
 
2. Assume a value of the tensile strain in the vertical tension tie of the truss member 
representing the externally bonded reinforcement system, vER , shown in Fig. 
4.21. When the limit state of the reinforced concrete pier cap is assumed to be the 
failure mode involving formation of a diagonal crack, the value of vER  is 
assumed to be 0.003. It should be noted that the value of vER  should be limited 




Figure 4.21- Truss model in combined strut-and-tie model 
 
3. Determine the stress in the externally bonded reinforcement system corresponding 
to the strain assumed in step 2. The stress is determined from experiment on the 
material property or material models. The force in the externally bonded 
reinforcement system can be calculated by multiplying the determined stress by 
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the cross sectional area of the plates within the equivalent shear span which will 
be presented in the following section. The member forces of the truss model 
shown in Fig.4.21 can be computed by a truss analysis. 
 
4. Strains in the longitudinal tension reinforcement of the truss model shown in Fig. 
4.22 can be computed by dividing the member forces calculated in the previous 








Figure 4.22- Strains in the longitudinal tension reinforcement of truss model 
 
Since the computed strains are additionally induced strains by the externally 
bonded reinforcement system, the strains, 31,
UU
modeltrusss  and 43,
UU
modeltrusss  are added to 
the strain in the longitudinal tension reinforcement, s  calculated in the step 1 to 
compute the strains of combined strut-and-tie model. The strains in the 
longitudinal tension reinforcements of the combined strut-and-tie model can be 

































Figure 4.23- Combined strut-and-tie model 











modelcombineds    (4.62) 
 
5. Check if the strain in the longitudinal tension reinforcement, 43,
UU
modelcombineds  of the 
combined strut-and-tie model reaches yield strain. When the strain reaches yield 
strain of the longitudinal tension reinforcement, the flexural failure mode controls 
the reinforced concrete pier cap. In this case, the strain in the longitudinal tension 
reinforcement of the truss model, 43,
UU
modeltrusss , can be calculated as follows: 
sy
UU
modeltrusss  43,  (4.63) 
Member forces of the truss mode shown in Fig. 4.21 are calculated from the 
member force 43UU  by a truss analysis. 
 
4.2.4 Analysis Procedure  
 This section describes step-by-step procedure for the Proposed Strut-and-Tie 
Model for the cases in which bridge pier caps show both the failure modes by yielding of 
longitudinal tension reinforcement and those by the formation of a diagonal crack. 
1. Compute the distance, c , from the extreme compression face to the location of 




Figure 4.24- Stress and strain diagram 
2. Select a preliminary strut-and-tie model for the bridge pier cap specimen 





modelstrutDirectnP ,  
Figure 4.25- Direct strut model 










b LL   (4.64) 
chLa 1


























Figure 4.26- Dimensions of direct strut model 






sw ), shown in Fig. 4.30. The 
height, 1Uah , can be computed by assuming the strain in the longitudinal tension 











1  (4.67) 
The height of the node 1U ,
1U
ah , should not exceed the effective concrete area of 
the node shown in the Figure 5.6.3.3.2-1-(b) of AASHTO LRFD Bridge 
Specifications (2012). Width of the node 1U ,
1U







s hLw    (4.68) 














1 cot)002.0(   (4.70) 














1   (4.71) 
Check the calculated nominal stress. If cu
U
n ff 1 , the strain in the longitudinal 
tension reinforcement, s , should be reassumed. Repeat step 4 through 6 
until cu
U
n ff 1  is satisfied. 












11   (4.73) 




csA  should be taken. 
8. Compute strength of the bridge pier cap excluding the externally bonded 
reinforcement. The nominal strengths of compressive strut, 11LUF  and tension 




LU fAF 1111   (4.74) 
sss
UU EAF 21  (4.75) 
The nominal strength of the bridge pier cap is: 
)sin(2 11, s
LUstruteCompressiv









modelstrutDirectnn PPMinP   (4.78) 
9. Determine a truss model representing the externally bonded reinforcement system. 
The vertical tension tie shown in Fig. 4.27 should be placed at the location of the 
resultant vertical force of the external reinforcement system. Compute the strut 
angles 1,
U
modeltrusss  and 3,
U
















Figure 4.27- Truss model 
10. Compute wa  and effective numbers of the external reinforcement as follows. 
)4/85.0( zaa sw   (4.79) 
The effective number of the external reinforcement, ERn , can be determined by 
dividing wa , by a spacing of the externally bonded reinforcement, vERs . 
11. Compute the member forces of the truss model. From the stress computed in the 
previous step, the force in the externally bonded reinforcement is: 
vERERER
LU
modeltruss AnF 33  (4.80) 
The other member forces of the truss model shown in Fig. 4.27 can be determined 
from a truss analysis. 














,   (4.82) 
The strains in the truss members, 31,
UU
modeltrusss  and 43,
UU
modeltrusss , are added to the strain 
in the tension tie of direct strut model determined in step 4. Thus, the strains in 
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Figure 4.28- Combined strut-and-tie model 
For the combined strut-and-tie model shown in Fig. 4.28, compute the strain in 
the tension tie at the node 3U  as follows: 






modelcombineds    (4.85) 
13. Check if the longitudinal tension reinforcement of the combined strut-and-tie 
model yields. For the case in which y
UU
modelcombineds  43, , the strength of the pier 
cap is controlled by a failure mode due to the formation of a diagonal crack. 
When y
UU
modelcombineds  43, , flexural capacity controls the failure mode. In that case, 
the analytical procedure should skip to step 16. 












































33   (4.88) 
The width of the compressive strut at node 1U  is: 






modelcombineds hLw    (4.89) 













modelcombinedcs AA   (4.91) 
For the area of the compressive strut 11,
LU








modelcombinedcsA  shall be taken. 
15. Compute strength of the bridge pier cap with externally bonded reinforcement 
system. The nominal strength of the compressive strut, 11LU modelcombinedF  and tension 












modelcombined EAF   (4.93) 
The nominal strength of the bridge pier cap with externally bonded reinforcement 
system is: 




modelcombinedn FFFP   (4.94) 
 
The following steps are for the case in which y
UU
modelcombineds  43, . 
16. Compute the strain in the member 43UU  of the combined model shown in Fig. 





modelcombineds  43,  (4.95) 
The strain in the tension reinforcement, s , is computed by the iterative 
procedure from the step 4 through step 6. 
17. Compute member forces of the truss model shown in Fig. 4.27. The member 






modeltruss EAF   (4.96) 
The other member forces of the truss model can be computed by a truss analysis. 


















modelcombineds    (4.98) 
The remained procedures for shear strength of the bridge pier cap can be 
conducted by step 14 and 15. 
 
4.2.5 Experimental Validation of Proposed Strut-and-Tie Procedure 
 For the specimens with externally bonded reinforcement system, the proposed 
strut-and-tie procedure yielded the values of Pexperiment/Panalysis ranged from 1.03 to 1.33. 
Table 4.5 shows the comparison of analytical results by the proposed strut-and-tie 
procedure with the experimental results. Figure 4.29 shows the values of Pexperiment/Panalysis. 
The proposed strut-and-tie model yielded strengths of the test specimens as well as 
failure modes. Although CSR018-1 and CSR018-2 specimens exhibited the flexural 
failure mode, the failure mode due to the formation of a diagonal crack was predicted by 
the proposed strut-and-tie procedure. It is because the proposed strut-and tie procedure is 
 
 88
based on the lower bound theorem of AASHTO Strut-and-Tie Model and the proposed 
strut-and-tie procedure gives a safe prediction. 
Table 4.5- Analytical results by the proposed strut-and-tie procedure 
















BL2* 632 443 0.229 1.43 Diagonal crack
AR014 748 563 0.286 1.33 Diagonal crack
AR035 871 809 0.389 1.08 Diagonal crack
B 
BS00 824 747 0.210 1.10 Diagonal crack
BSR008 980 796 0.226 1.23 Diagonal crack
BSR014 1050 848 0.243 1.24 Diagonal crack
C 
CS00 508 310 0.078 1.64 Diagonal crack
CSR018-1     514*** 478 0.125 1.09 Flexural failure
CSR018-2     481*** 477 0.130 1.03 Flexural failure
CSR035     520*** 479 0.122 1.10 Flexural failure
* BL2 is the reference test specimen reported by Zureick et al. (2013) 





































































SUMMARY, CONCLUSIONS, AND FUTURE WORK 
 
 This chapter summarizes the work conducted in this thesis and presents 
conclusions and recommendations for further studies.  
5.1 Summary 
 The research presented in this thesis consisted of experimental and analytical 
studies aimed at examining the behavior of reinforced concrete bridge pier caps with 
externally bonded reinforcement. In the experimental part of this work, nine full-scale 
reinforced concrete bridge pier caps were built, externally strengthened with stainless 
reinforcement, and tested to failure. In the analytical part of this work, two methods were 
proposed for the analysis and design of reinforced concrete bridge pier caps strengthened 
with externally bonded reinforcement. In the first analytical method, a closed-form 
mechanics-based solution was derived for computing the shear of the reinforced concrete 
bridge pier caps. The second analytical method is based on the application of strut-and-tie 
models that can predict the overall strength and the corresponding strength limit state of 
reinforced concrete pier caps with externally bonded reinforcement.  Both analytical 
methods were experimentally validated from the experimental study. 
 
5.2 Conclusions 
 Based on the results of this study, the following conclusions are made:  
1. The use of externally bonded stainless steel reinforcement, for increasing the 
shear strength of reinforced concrete bridge pier caps has shown to be effective. 
An increase of up to 28% in the shear strength has been realized in this study.  
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2. The use of externally bonded stainless steel reinforcement to strengthen 
reinforced concrete bridge pier caps containing low ratio of longitudinal tension 
reinforcement (e.g. less than 1%) can alter the failure mode from diagonal shear 
cracks to yielding of longitudinal tension reinforcement.  
3. When calculating the shear strength of the reinforced concrete bridge pier caps, 
the strain of the externally bonded transverse reinforcement system should be 
limited to 0.003.  
4. The Mechanics-based approach is a direct and efficient method for computing the 
shear strength of reinforced concrete bridge pier caps with externally bonded 
reinforcement. Equations for determining the shear strength are presented in 
closed-form where the solution does not require iteration.  
5. The strut-and-tie procedure consisting of two separate models is time-consuming 
and requires iteration. However, it has the advantage of calculating the strength 
and identifying the governing strength limit state of reinforced concrete bridge 
pier caps with externally bonded reinforcement system.   
 
5.3 Recommended Future Work 
 Based on the results and limitations of this work, the following topics are 
recommended for further studies:  
1. A single strut-and-tie model to account for the arching mechanism as well as the 
internal and external reinforcements should be developed. Such an approach can 
be developed in a manner similar to that in AASHTO LRFD Bridge 
Specifications (2012) and ACI 318 (2008).  
2. The analytical expressions (Eq. 4.49-a and 4.49-b) developed in this study have 
been validated experimentally only for the case of externally bonded transverse 
reinforcement. It is recommended that Eq. 4.49-a and 4.49-b be validated from 
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experiments on reinforced concrete pier caps having externally bonded 


























REINFORCED CONCRETE DEEP BEAM DATABASE  
(156 SAMPLES) 
 
Table A.1- Reinforced concrete deep beams database (156 samples) 
Specimen ID a (in.) b de (in.) a/d fc' (psi) fy (ksi) ρ (%) ρv (%) 
Clark (1954) 
C1-1 24.00  8.00  15.30 1.57  3720  47  2.075  0.344 
C1-2 24.00  8.00  15.30 1.57  3820  47  2.075  0.344 
C1-3 24.00  8.00  15.30 1.57  3475  47  2.075  0.344 
C1-4 24.00  8.00  15.30 1.57  4210  47  2.075  0.344 
C2-1 24.00  8.00  15.30 1.57  3430  47  2.075  0.688 
C2-2 24.00  8.00  15.30 1.57  3625  47  2.075  0.688 
C2-3 24.00  8.00  15.30 1.57  3500  47  2.075  0.688 
C2-4 24.00  8.00  15.30 1.57  3910  47  2.075  0.688 
D1-1 18.00  8.00  15.50 1.16  3800  49  1.613  0.458 
D1-2 18.00  8.00  15.50 1.16  3790  49  1.613  0.458 
D1-3 18.00  8.00  15.50 1.16  3560  49  1.613  0.458 
D2-1 18.00  8.00  15.50 1.16  3480  49  1.613  0.611 
D2-2 18.00  8.00  15.50 1.16  3755  49  1.613  0.611 
D2-3 18.00  8.00  15.50 1.16  3595  49  1.613  0.611 
D2-4 18.00  8.00  15.50 1.16  3550  49  1.613  0.611 
D3-1 18.00  8.00  15.50 1.16  4090  49  2.419  0.917 
D4-1 18.00  8.00  15.50 1.16  3350  49  1.613  1.222 
C0-1 24.00  8.00  15.30 1.57  3580  54  0.980    
C0-2 24.00  8.00  15.30 1.57  3405  54  0.980    
C0-3 24.00  8.00  15.30 1.57  3420  54  0.980    
D0-1 18.00  8.00  15.30 1.18  3750  54  0.980    
D0-2 18.00  8.00  15.30 1.18  3800  54  0.980    
D0-3 18.00  8.00  15.30 1.18  3765  54  0.980    
Moody et al. (1954) 
III-24a 32.00  7.00  21.00 1.52  2580  46  2.721    
III-24b 32.00  7.00  21.00 1.52  2990  46  2.721    
III-25a 32.00  7.00  21.00 1.52  3530  45  3.456    
III-25b 32.00  7.00  21.00 1.52  2500  45  3.456    
III-26a 32.00  7.00  21.00 1.52  3140  44  4.245    
III-26b 32.00  7.00  21.00 1.52  2990  44  4.245    
III-27a 32.00  7.00  21.00 1.52  3100  46  2.721    
III-27b 32.00  7.00  21.00 1.52  3320  46  2.721    
III-28a 32.00  7.00  21.00 1.52  3380  45  3.456    
III-28b 32.00  7.00  21.00 1.52  3250  45  3.456    
III-29a 32.00  7.00  21.00 1.52  3150  44  4.245    
III-29b 32.00  7.00  21.00 1.52  3620  44  4.245    
III-30 32.00  7.00  21.00 1.52  3680  44  4.245  0.524 
III-31 32.00  7.00  21.00 1.52  3250  44  4.245  0.952 
Moody et al. (1954) 
II-a 32.00  7.00  20.75 1.54  3820  46  0.551    
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II-b 32.00  7.00  20.75 1.54  3720  44  0.854    
II-c 32.00  7.00  20.75 1.54  4040  42  1.212    
II-d 32.00  7.00  20.75 1.54  3440  42  1.652    
II-17a 32.00  7.00  20.75 1.54  2650  47  2.176    
II-17b 32.00  7.00  20.75 1.54  3000  47  2.176    
II-18a 32.00  7.00  20.75 1.54  2170  46  2.754    
II-18b 32.00  7.00  20.75 1.54  2700  46  2.754    
II-19a 32.00  7.00  20.75 1.54  3030  45  3.497    
II-19b 32.00  7.00  20.75 1.54  3240  45  3.497    
II-20a 32.00  7.00  20.75 1.54  2890  44  4.296    
II-20b 32.00  7.00  20.75 1.54  2960  44  4.296    
Morrow and Viest (1956) 
B21E2 24.50  12.00 14.75 1.66  1640  67  0.574    
B21E4R 24.50  12.00 14.50 1.69  4630  60  1.236    
B21F4 24.50  12.00 14.56 1.68  4560  66  1.118    
Watstein and Mathey (1958) 
B-18-1 24.00  8.00  15.90 1.51  3680  39  2.995    
B-18-2 24.00  8.00  15.90 1.51  3330  39  2.995    
C-18-2 24.00  8.00  15.90 1.51  3830  68  1.863    
D-18-1 24.00  8.00  15.90 1.51  3720  105  1.163    
D-18-2 24.00  8.00  15.90 1.51  3910  97  1.163    
E-18-1 24.00  8.00  15.90 1.51  3250  100  0.731    
E-18-2 24.00  8.00  15.90 1.51  3870  100  0.731    
Rodriguez et al. (1959) 
E6N1 17.00  6.00  12.50 1.36  3213  43  2.637    
E6N2 17.00  6.06  12.50 1.36  2627  45  2.611    
E6N3 17.00  6.06  12.50 1.36  3277  45  2.611    
C6N1 17.00  6.13  12.63 1.35  3640  47  2.555    
C6N2 17.00  6.00  12.50 1.36  2963  46  2.637    
C6N3 17.00  6.06  12.38 1.37  3153  46  2.637    
Mathey and Watstein (1963) 
I-1 24.00  8.00  15.86 1.51  3680  39  3.045    
II-4 24.00  8.00  15.86 1.51  3830  68  1.884    
IV-7 24.00  8.00  15.86 1.51  3500  65  1.861    
IV-8 24.00  8.00  15.86 1.51  3610  65  1.861    
V-9 24.00  8.00  15.86 1.51  3350  101  1.163    
V-10 24.00  8.00  15.86 1.51  3910  101  1.163    
VI-11 24.00  8.00  15.86 1.51  3680  105  1.166    
VI-12 24.00  8.00  15.86 1.51  3720  105  1.166    
V-13 24.00  8.00  15.86 1.51  3250  103  0.752    
V-14 24.00  8.00  15.86 1.51  3870  103  0.752    
VI-15 24.00  8.00  15.86 1.51  3700  101  0.750    
VI-16 24.00  8.00  15.86 1.51  3310  101  0.750    
Manuel (1974) 
11 17.00  4.00  16.00 1.06  4680  54  1.875    
Smith and Vantsiotis (1982) 
0B0-49 14.50  4.00  12.00 1.21  3145  61  1.938    
1B1-01 14.50  4.00  12.00 1.21  3200  63  1.938  0.233 
1B3-29 14.50  4.00  12.00 1.21  2915  63  1.938  0.233 
1B3-30 14.50  4.00  12.00 1.21  3020  63  1.938  0.233 
1B6-31 14.50  4.00  12.00 1.21  2830  63  1.938  0.233 
2B1-05 14.50  4.00  12.00 1.21  2780  63  1.938  0.408 
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2B3-06 14.50  4.00  12.00 1.21  2755  63  1.938  0.408 
2B4-07 14.50  4.00  12.00 1.21  2535  63  1.938  0.408 
2B4-52 14.50  4.00  12.00 1.21  3160  63  1.938  0.408 
2B6-32 14.50  4.00  12.00 1.21  2865  63  1.938  0.408 
3B1-08 14.50  4.00  12.00 1.21  2355  63  1.938  0.613 
3B1-36 14.50  4.00  12.00 1.21  2960  63  1.938  0.754 
3B3-33 14.50  4.00  12.00 1.21  2755  63  1.938  0.754 
3B4-34 14.50  4.00  12.00 1.21  2790  63  1.938  0.754 
3B6-35 14.50  4.00  12.00 1.21  2995  63  1.938  0.754 
4B1-09 14.50  4.00  12.00 1.21  2480  63  1.938  1.225 
1C4-15 18.00  4.00  12.00 1.50  3290  63  1.938  0.175 
Subedi et al. (1986) 
1B2 27.17  3.94  17.22 1.58  5366  72  0.921  0.218 
2D2 50.79  3.94  32.79 1.55  5714  44  1.179  0.199 
Rogowsky et al. (1986) 
BM3/1.5 T1 35.43  7.87  21.06 1.68  2103  66  1.121  0.227 
BM3/1.5 T2 35.43  7.87  21.06 1.68  2103  66  1.121  0.227 
BM4/1.5 T1 35.43  7.87  21.06 1.68  4714  66  1.121    
BM4/1.5 T2 35.43  7.87  21.06 1.68  4714  66  1.121    
BM5/1.5 T1 35.43  7.87  21.06 1.68  5743  66  1.121  0.643 
BM5/1.5 T2 35.43  7.87  21.06 1.68  5743  66  1.121  0.643 
BM7/1.5 T1 35.43  7.87  21.06 1.68  4409  66  1.121    
BM7/1.5 T2 35.43  7.87  21.06 1.68  4409  66  1.121    
BM8/1.5 T1 35.43  7.87  21.06 1.68  5395  66  1.121  0.227 
BM8/1.5 T2 35.43  7.87  21.06 1.68  5395  66  1.121  0.227 
Xie et al.(1994) 
NNW-1 8.50  5.00  8.00  1.06  5470  61  3.200  0.490 
Anguilar (2002) 
STM-H 36.00  12.00 31.50 1.14  4130  61  1.254  0.306 
STM-M 36.00  12.00 31.50 1.14  4130  61  1.254  0.153 
Yang et al. (2003) 
L10-40 15.75  6.30  13.98 1.13  4554  117  1.011    
L10-40R 15.75  6.30  13.98 1.13  4554  117  1.011    
L10-60 23.62  6.30  21.85 1.08  4554  117  0.970    
L10-75 29.53  6.30  26.97 1.09  4554  117  1.047    
L10-75R 29.53  6.30  26.97 1.09  4554  117  1.047    
L10-100 39.37  6.30  36.81 1.07  4554  88  0.901    
Tanimura and Sato (2005) 
9 23.62  11.81 15.75 1.50  3321  66  2.202    
10 23.62  11.81 15.75 1.50  3263  66  2.202  0.189 
11 23.62  11.81 15.75 1.50  3336  66  2.202  0.525 
12 23.62  11.81 15.75 1.50  3408  66  2.202  0.886 
22 23.62  11.81 15.75 1.50  3800  66  2.202  0.525 
23 23.62  11.81 15.75 1.50  3814  66  2.202  0.886 
Brown et al (2006) 
I-CL-8.5-0 30.00  6.00  27.00 1.11  2580  68  1.951  0.431 
I-CL-0-0 30.00  6.00  27.00 1.11  2370  68  1.951    
Zhang and Tan (2007) 
1DB35bw 13.56  3.15  12.32 1.10  3757  68  1.255  0.473 
1DB50bw 19.66  4.53  17.87 1.10  3974  74  1.279  0.329 
1DB70bw 27.80  6.30  25.28 1.10  4105  76  1.224  0.419 
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1DB100bw 39.15  9.06  35.59 1.10  4163  77  1.203  0.456 
2DB35 13.60  3.15  12.36 1.10  3974  68  1.251    
2DB50 19.88  3.15  18.07 1.10  4699  72  1.152    
2DB70 28.15  3.15  25.59 1.10  3597  74  1.284    
2DB100 40.10  3.15  36.46 1.10  4438  74  1.259    
3DB35b 13.60  3.15  12.36 1.10  3974  68  1.251    
3DB50b 19.66  4.53  17.87 1.10  4105  74  1.279    
3DB70b 27.80  6.30  25.28 1.10  4163  76  1.224    
3DB100b 39.15  9.06  35.59 1.10  4250  77  1.203    
Alcocer and Uribe (2008) 
MT 55.12  13.78 43.31 1.27  5134  65  1.059  0.527 
MR 55.12  13.78 43.31 1.27  5076  65  1.059  0.527 
Birrcher et al. (2009) 
III-1.2-02 46.32  21.00 38.60 1.20  4100  66  2.309  0.201 
III-1.2-03 46.32  21.00 38.60 1.20  4220  66  2.309  0.311 
IV-2175-1.2-
03 
82.68  21.00 68.90 1.20  5010  68  2.372  0.207 
IV-2123-1.2-
02 
23.40  21.00 19.50 1.20  4630  65  2.315  0.200 
Bechtel (2011) 
AL1 39.00  18.00 32.80 1.19  3473  65  0.645    
BL1 39.00  18.00 32.80 1.19  3352  80  0.645    
AL2 39.00  18.00 32.12 1.21  3651  65  1.318    
BL2 39.00  18.00 32.12 1.21  3353  80  1.318    
BL3 39.00  18.00 32.12 1.21  3966  80  1.318  0.278 
BL4 39.00  18.00 32.12 1.21  3874  80  1.318  0.278 
BL5 39.00  18.00 32.12 1.21  3998  80  1.318  0.278 
AS1 19.50  9.00  16.40 1.19  4123  79  0.630    
AS2 19.50  9.00  16.40 1.19  4226  79  0.630    
AS3 19.50  9.00  16.06 1.21  4036  76  1.384    
AS4 19.50  9.00  16.06 1.21  4650  85  1.384    
O'Malley (2011) 
1-S 41.00  12.00 32.25 1.27  3430  73  1.021  0.272 
2-NS 41.00  12.00 32.25 1.27  3180  73  1.021    






DETAILS OF PIER CAP SPECIMENS 
 
 
Figure B.1- BL2 specimen 
 
Figure B.2- AR014 specimen 
 




Figure B.4- BS00 Specimen 
 
Figure B.5- BSR008 Specimen 
 
 




Figure B.7- CS00 Specimen 
 
Figure B.8- CSR018-1 and CSR018-2 Specimen 
 










































Distance from left support (in.)
300 kips 500 kips 554 kips 636 kips 700 kips 748 kips
 

































Distance from left support (in.)
Distance from left support (in.)300 kips 828 kips 871 kips 900 kips 950 kips
 































Distance from left support (in.)
Distance from left support (in.)200 kips 300 kips 500 kips 700 kips 824 kips
 































Distance from left support (in.)
Distance from left support (in.)300 kips 800 kips 888 kips 980 kips
 



































Distance from left support (in.)
123456
LVDT
Distance from left support (in.)300 kips 700 kips 900 kips 945 kips 1000 kips
 






































Distance from left support (in.)
Distance from left support (in.)100 kips 200 kips 300 kips 400 kips 508 kips
 





































Distance from left support (in.)
712
LVDT
10 9 811 14 3 256
Distance from left support (in.)200 kips 300 kips 400 kips 514 kips 547 kips
 




































Distance from left support (in.)
Distance from left support (in.)200 kips 300 kips 400 kips 481 kips 533 kips
 






































Distance from left support (in.)
Distance from left support (in.)200 kips 400 kips 500 kips 520 kips 590 kips
 



































Figure D.1- Applied load vs. strain of longitudinal tension reinforcement for 




































Figure D.2- Applied load vs. strain of longitudinal tension reinforcement for 






































Figure D.3- Applied load vs. strain of longitudinal tension reinforcement for 


































Figure D.4- Applied load vs. strain of longitudinal tension reinforcement for 






































Figure D.5- Applied load vs. strain of longitudinal tension reinforcement for 





































Figure D.6- Applied load vs. strain of longitudinal tension reinforcement for 







































Figure D.7- Applied load vs. strain of longitudinal tension reinforcement for 


































Figure D.8- Applied load vs. strain of longitudinal tension reinforcement for 





































Figure D.9- Applied load vs. strain of longitudinal tension reinforcement for 


































Figure D.10- Applied load vs. strain of longitudinal tension reinforcement for 
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Strut Angle from LVDT 13
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100 kips 200 kips 300 kips
400 kips 508 kips
 





REINFORCED CONCRETE DEEP BEAM DATABASE  
(294 SAMPLES) 
 
Table G.1- Reinforced concrete deep beams database (294 samples) 
Specimen ID a (in.) b de (in.) a/d fc' (psi) fy (ksi) ρ (%) ρv (%) 
Clark (1954) 
C1-1 24.00  8.00  15.30 1.57  3720  47  2.075    
C1-2 24.00  8.00  15.30 1.57  3820  47  2.075    
C1-3 24.00  8.00  15.30 1.57  3475  47  2.075    
C1-4 24.00  8.00  15.30 1.57  4210  47  2.075    
C2-1 24.00  8.00  15.30 1.57  3430  47  2.075    
C2-2 24.00  8.00  15.30 1.57  3625  47  2.075    
C2-3 24.00  8.00  15.30 1.57  3500  47  2.075    
C2-4 24.00  8.00  15.30 1.57  3910  47  2.075    
C6-2 24.00  8.00  15.40 1.56  6560  47  3.093    
C6-3 24.00  8.00  15.40 1.56  6480  47  3.093    
C6-4 24.00  8.00  15.40 1.56  6900  47  3.093    
D1-1 18.00  8.00  15.50 1.16  3800  49  1.613    
D1-2 18.00  8.00  15.50 1.16  3790  49  1.613    
D1-3 18.00  8.00  15.50 1.16  3560  49  1.613    
D2-1 18.00  8.00  15.50 1.16  3480  49  1.613    
D2-2 18.00  8.00  15.50 1.16  3755  49  1.613    
D2-3 18.00  8.00  15.50 1.16  3595  49  1.613    
D2-4 18.00  8.00  15.50 1.16  3550  49  1.613    
D3-1 18.00  8.00  15.50 1.16  4090  49  2.419    
D4-1 18.00  8.00  15.50 1.16  3350  49  1.613    
C0-1 24.00  8.00  15.30 1.57  3580  54  0.980    
C0-2 24.00  8.00  15.30 1.57  3405  54  0.980    
C0-3 24.00  8.00  15.30 1.57  3420  54  0.980    
D0-1 18.00  8.00  15.30 1.18  3750  54  0.980    
D0-2 18.00  8.00  15.30 1.18  3800  54  0.980    
D0-3 18.00  8.00  15.30 1.18  3765  54  0.980    
B1-1 30.00  8.00  15.40 1.95  3388  47  3.093    
B1-2 30.00  8.00  15.40 1.95  3680  47  3.093    
B1-3 30.00  8.00  15.40 1.95  3435  47  3.093    
B1-4 30.00  8.00  15.40 1.95  3388  47  3.093    
B1-5 30.00  8.00  15.40 1.95  3570  47  3.093    
B2-1 30.00  8.00  15.40 1.95  3370  47  3.093    
B2-2 30.00  8.00  15.40 1.95  3820  47  3.093    
B2-3 30.00  8.00  15.40 1.95  3615  47  3.093    
B6-1 30.00  8.00  15.40 1.95  6110  47  3.093    
C3-1 24.00  8.00  15.30 1.57  2040  47  2.075    
C3-2 24.00  8.00  15.30 1.57  2000  47  2.075    
C3-3 24.00  8.00  15.30 1.57  2020  47  2.075    
C4-1 24.00  8.00  15.40 1.56  3550  47  3.093    
D1-6 18.00  6.00  12.40 1.45  4010  47  3.414    
 
 118
D1-7 18.00  6.00  12.40 1.45  4060  47  3.414    
D1-8 18.00  6.00  12.40 1.45  4030  47  3.414    
B0-1 30.00  8.00  15.40 1.95  3420  54  0.974    
B0-2 30.00  8.00  15.40 1.95  3468  54  0.974    
B0-3 30.00  8.00  15.40 1.95  3410  54  0.974    
Moody et al. (1954) 
III-24a 32.00  7.00  21.00 1.52  2580  46  2.721    
III-24b 32.00  7.00  21.00 1.52  2990  46  2.721    
III-25a 32.00  7.00  21.00 1.52  3530  45  3.456    
III-25b 32.00  7.00  21.00 1.52  2500  45  3.456    
III-26a 32.00  7.00  21.00 1.52  3140  44  4.245    
III-26b 32.00  7.00  21.00 1.52  2990  44  4.245    
III-27a 32.00  7.00  21.00 1.52  3100  46  2.721    
III-27b 32.00  7.00  21.00 1.52  3320  46  2.721    
III-28a 32.00  7.00  21.00 1.52  3380  45  3.456    
III-28b 32.00  7.00  21.00 1.52  3250  45  3.456    
III-29a 32.00  7.00  21.00 1.52  3150  44  4.245    
III-29b 32.00  7.00  21.00 1.52  3620  44  4.245    
III-30 32.00  7.00  21.00 1.52  3680  44  4.245    
III-31 32.00  7.00  21.00 1.52  3250  44  4.245    
Moody et al. (1954) 
II-a 32.00  7.00  20.75 1.54  3820  46  0.551    
II-b 32.00  7.00  20.75 1.54  3720  44  0.854    
II-c 32.00  7.00  20.75 1.54  4040  42  1.212    
II-d 32.00  7.00  20.75 1.54  3440  42  1.652    
II-17a 32.00  7.00  20.75 1.54  2650  47  2.176    
II-17b 32.00  7.00  20.75 1.54  3000  47  2.176    
II-18a 32.00  7.00  20.75 1.54  2170  46  2.754    
II-18b 32.00  7.00  20.75 1.54  2700  46  2.754    
II-19a 32.00  7.00  20.75 1.54  3030  45  3.497    
II-19b 32.00  7.00  20.75 1.54  3240  45  3.497    
II-20a 32.00  7.00  20.75 1.54  2890  44  4.296    
II-20b 32.00  7.00  20.75 1.54  2960  44  4.296    
Morrow and Viest (1956) 
B14-A6 17.50  12.00 14.50 1.21  6780  66  3.697    
B21B2 24.50  12.00 14.44 1.70  2010  63  1.859    
B21E2 24.50  12.00 14.75 1.66  1640  67  0.574    
B21A4 24.50  12.00 14.50 1.69  4320  59  2.455    
B21B4 24.50  12.00 14.50 1.69  3930  61  1.852    
B21E4 24.50  12.00 14.38 1.70  3510  62  1.246    
B21E4R 24.50  12.00 14.50 1.69  4630  60  1.236    
B21F4 24.50  12.00 14.56 1.68  4560  66  1.118    
B21A6 24.50  12.00 14.00 1.75  6570  65  3.829    
B21B6 24.50  12.00 14.75 1.66  6600  63  1.820    
Watstein and Mathey (1958) 
B-18-1 24.00  8.00  15.90 1.51  3680  39  2.995    
B-18-2 24.00  8.00  15.90 1.51  3330  39  2.995    
C-18-1 24.00  8.00  15.90 1.51  3710  71  1.863    
C-18-2 24.00  8.00  15.90 1.51  3830  68  1.863    
D-18-1 24.00  8.00  15.90 1.51  3720  105  1.163    
D-18-2 24.00  8.00  15.90 1.51  3910  97  1.163    
E-18-1 24.00  8.00  15.90 1.51  3250  100  0.731    
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E-18-2 24.00  8.00  15.90 1.51  3870  100  0.731    
Rodriguez et al. (1959) 
E6N1 17.00  6.00  12.50 1.36  3213  43  2.637    
E6N2 17.00  6.06  12.50 1.36  2627  45  2.611    
E6N3 17.00  6.06  12.50 1.36  3277  45  2.611    
C6N1 17.00  6.13  12.63 1.35  3640  47  2.555    
C6N2 17.00  6.00  12.50 1.36  2963  46  2.637    
C6N3 17.00  6.06  12.38 1.37  3153  46  2.637    
Mathey and Watstein (1963) 
I-1 24.00  8.00  15.86 1.51  3680  39  3.045    
I-2 24.00  8.00  15.86 1.51  3330  39  3.045    
II-3 24.00  8.00  15.86 1.51  3170  68  1.884    
II-4 24.00  8.00  15.86 1.51  3830  68  1.884    
III-5 24.00  8.00  15.86 1.51  3730  71  1.854    
III-6 24.00  8.00  15.86 1.51  3710  71  1.854    
IV-7 24.00  8.00  15.86 1.51  3500  65  1.861    
IV-8 24.00  8.00  15.86 1.51  3610  65  1.861    
V-9 24.00  8.00  15.86 1.51  3350  101  1.163    
V-10 24.00  8.00  15.86 1.51  3910  101  1.163    
VI-11 24.00  8.00  15.86 1.51  3680  105  1.166    
VI-12 24.00  8.00  15.86 1.51  3720  105  1.166    
V-13 24.00  8.00  15.86 1.51  3250  103  0.752    
V-14 24.00  8.00  15.86 1.51  3870  103  0.752    
VI-15 24.00  8.00  15.86 1.51  3700  101  0.750    
VI-16 24.00  8.00  15.86 1.51  3310  101  0.750    
Kani (1967) 
46 10.70  5.95  5.35  2.00  3700  57  2.764    
53 5.34  5.95  5.20  1.03  3870  57  2.844    
54 5.34  5.95  5.35  1.00  3870  57  2.764    
88 10.68  6.01  10.47 1.02  4560  58  2.813    
94 21.36  6.03  10.76 1.99  3670  51  2.774    
67 21.36  6.19  20.80 1.03  4400  59  2.749    
69 21.36  6.11  21.35 1.00  3970  54  2.668    
72 42.80  6.00  21.62 1.98  3600  56  2.706    
3041 86.40  6.00  43.20 2.00  3900  55  2.724    
Manuel (1974) 
11 17.00  4.00  16.00 1.06  4680  54  1.875    
Smith and Vantsiotis (1982) 
0B0-49 14.50  4.00  12.00 1.21  3145  61  1.938    
1B1-01 14.50  4.00  12.00 1.21  3200  63  1.938    
1B3-29 14.50  4.00  12.00 1.21  2915  63  1.938    
1B3-30 14.50  4.00  12.00 1.21  3020  63  1.938    
1B6-31 14.50  4.00  12.00 1.21  2830  63  1.938    
2B1-05 14.50  4.00  12.00 1.21  2780  63  1.938    
2B3-06 14.50  4.00  12.00 1.21  2755  63  1.938    
2B4-07 14.50  4.00  12.00 1.21  2535  63  1.938    
2B4-52 14.50  4.00  12.00 1.21  3160  63  1.938    
2B6-32 14.50  4.00  12.00 1.21  2865  63  1.938    
3B1-08 14.50  4.00  12.00 1.21  2355  63  1.938    
3B1-36 14.50  4.00  12.00 1.21  2960  63  1.938    
3B3-33 14.50  4.00  12.00 1.21  2755  63  1.938    
3B4-34 14.50  4.00  12.00 1.21  2790  63  1.938    
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3B6-35 14.50  4.00  12.00 1.21  2995  63  1.938    
4B1-09 14.50  4.00  12.00 1.21  2480  63  1.938    
0C0-50 18.00  4.00  12.00 1.50  3000  61  1.938    
1C1-14 18.00  4.00  12.00 1.50  2790  63  1.938    
1C3-02 18.00  4.00  12.00 1.50  3175  63  1.938    
1C4-15 18.00  4.00  12.00 1.50  3290  63  1.938    
1C6-16 18.00  4.00  12.00 1.50  3160  63  1.938    
2C1-17 18.00  4.00  12.00 1.50  2880  63  1.938    
2C3-03 18.00  4.00  12.00 1.50  2790  63  1.938    
2C3-27 18.00  4.00  12.00 1.50  2800  63  1.938    
2C4-18 18.00  4.00  12.00 1.50  2965  63  1.938    
2C6-19 18.00  4.00  12.00 1.50  3010  63  1.938    
3C1-20 18.00  4.00  12.00 1.50  3050  63  1.938    
3C3-21 18.00  4.00  12.00 1.50  2400  63  1.938    
3C4-22 18.00  4.00  12.00 1.50  2650  63  1.938    
3C6-23 18.00  4.00  12.00 1.50  2755  63  1.938    
4C1-24 18.00  4.00  12.00 1.50  2840  63  1.938    
4C3-04 18.00  4.00  12.00 1.50  2690  63  1.938    
4C3-28 18.00  4.00  12.00 1.50  2790  63  1.938    
4C4-25 18.00  4.00  12.00 1.50  2685  63  1.938    
4C6-26 18.00  4.00  12.00 1.50  3080  63  1.938    
Rogowsky et al. (1986) 
BM1/1.5N T1 36.42  7.87  21.06 1.73  6150  66  1.121    
BM1/1.5S T2 36.42  7.87  21.06 1.73  6150  66  1.121    
BM2/1.5N T1 36.42  7.87  21.06 1.73  6150  66  1.121    
BM2/1.5S T2 36.42  7.87  21.06 1.73  6150  66  1.121    
BM3/1.5 T1 35.43  7.87  21.06 1.68  2103  66  1.121    
BM3/1.5 T2 35.43  7.87  21.06 1.68  2103  66  1.121    
BM4/1.5 T1 35.43  7.87  21.06 1.68  4714  66  1.121    
BM4/1.5 T2 35.43  7.87  21.06 1.68  4714  66  1.121    
BM5/1.5 T1 35.43  7.87  21.06 1.68  5743  66  1.121    
BM5/1.5 T2 35.43  7.87  21.06 1.68  5743  66  1.121    
BM6/1.5 T1 35.43  7.87  21.06 1.68  6527  66  1.121    
BM6/1.5 T2 35.43  7.87  21.06 1.68  6527  66  1.121    
BM7/1.5 T1 35.43  7.87  21.06 1.68  4409  66  1.121    
BM7/1.5 T2 35.43  7.87  21.06 1.68  4409  66  1.121    
BM8/1.5 T1 35.43  7.87  21.06 1.68  5395  66  1.121    
BM8/1.5 T2 35.43  7.87  21.06 1.68  5395  66  1.121    
BM3/2.0 T1 35.43  7.87  17.91 1.98  6164  67  1.098    
BM3/2.0 T2 35.43  7.87  17.91 1.98  6164  67  1.098    
BM4/2.0 T1 35.43  7.87  17.91 1.98  5555  66  1.098    
BM4/2.0 T2 35.43  7.87  17.91 1.98  5555  66  1.098    
BM5/2.0 T1 35.43  7.87  17.91 1.98  5961  67  1.098    
BM5/2.0 T2 35.43  7.87  17.91 1.98  5961  67  1.098    
BM6/2.0 T1 35.43  7.87  17.91 1.98  5424  66  1.098    
BM6/2.0 T2 35.43  7.87  17.91 1.98  5424  66  1.098    
BM7/2.0 T1 35.43  7.87  17.91 1.98  6788  67  1.098    
BM7/2.0 T2 35.43  7.87  17.91 1.98  6788  67  1.098    
Subedi et al. (1986) 
1B2 27.17  3.94  17.22 1.58  5366  72  0.921    
1D2 50.79  3.94  32.79 1.55  6019  48  1.179    
2D2 50.79  3.94  32.79 1.55  5714  44  1.179    
Mansur et al. (1987) 
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A1 15.51  5.91  7.76  2.00  3510  67  1.362    
Tan and Mansur (1992) 
S14 27.56  5.91  13.78 2.00  5555  215  0.332    
Kim and Park (1994) 
A1.5-1 15.95  6.69  10.63 1.50  7789  69  1.874    
A1.5-2 15.95  6.69  10.63 1.50  7789  69  1.874    
Xie et al.(1994) 
NNN-1 8.50  5.00  8.50  1.00  6470  61  2.071    
NNN-2 17.00  5.00  8.50  2.00  5700  61  2.071    
NNW-1 8.50  5.00  8.00  1.06  5470  61  3.200    
Tan and Lu (1994) 
1-500/1.00 19.69  5.51  17.48 1.13  5424  75  2.591    
2-1000/1.00 39.37  5.51  34.80 1.13  4467  75  2.602    
3-1400/1.00 55.91  5.51  49.25 1.14  5120  75  2.601    
4-1750/1.00 69.29  5.51  61.38 1.13  6498  75  2.596    
Pandyala and Mendis (2000) 
∞(30)(2) 11.02  3.15  5.51  2.00  4931  59  2.016    
140(30)(2) 11.02  3.15  5.51  2.00  4786  59  2.016    
210(30)(2) 11.02  3.15  5.51  2.00  4641  59  2.016    
2_140(30)(2) 11.02  3.15  5.51  2.00  5221  59  2.016    
Anguilar (2002) 
STM-H 36.00  12.00 31.50 1.14  4130  61  1.254    
STM-M 36.00  12.00 31.50 1.14  4130  61  1.254    
Yang et al. (2003) 
L10-40 15.75  6.30  13.98 1.13  4554  117  1.011    
L10-40R 15.75  6.30  13.98 1.13  4554  117  1.011    
L10-60 23.62  6.30  21.85 1.08  4554  117  0.970    
L10-75 29.53  6.30  26.97 1.09  4554  117  1.047    
L10-75R 29.53  6.30  26.97 1.09  4554  117  1.047    
L10-100 39.37  6.30  36.81 1.07  4554  88  0.901    
Tanimura and Sato (2005) 
9 23.62  11.81 15.75 1.50  3321  66  2.202    
10 23.62  11.81 15.75 1.50  3263  66  2.202    
11 23.62  11.81 15.75 1.50  3336  66  2.202    
12 23.62  11.81 15.75 1.50  3408  66  2.202    
22 23.62  11.81 15.75 1.50  3800  66  2.202    
23 23.62  11.81 15.75 1.50  3814  66  2.202    
31 31.50  11.81 15.75 2.00  3858  66  2.202    
32 31.50  11.81 15.75 2.00  3974  66  2.202    
Brown et al (2006) 
I-CL-8.5-0 30.00  6.00  27.00 1.11  2580  68  1.951    
I-CL-0-0 30.00  6.00  27.00 1.11  2370  68  1.951    
II-N-E-5.8-8 27.00  18.00 16.00 1.69  2850  68  2.194    
II-N-F-5.8-8 27.00  18.00 16.00 1.69  2850  68  2.194    
II-N-F-5.8-3 27.00  18.00 16.00 1.69  2880  68  2.194    
II-N-C-4.6-8 27.00  18.00 16.00 1.69  2880  68  2.194    
II-N-E-4.6-8 27.00  18.00 16.00 1.69  2880  68  2.194    
II-N-F-4.6-8 27.00  18.00 16.00 1.69  3130  68  2.194    
III-2 24.00  8.00  16.00 1.50  3880  68  3.086    
Guadagnini et al. (2006) 
SB42 9.84  5.91  8.82  1.12  7643  73  1.344    
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Zhang and Tan (2007) 
1DB35bw 13.56  3.15  12.32 1.10  3757  68  1.255    
1DB50bw 19.66  4.53  17.87 1.10  3974  74  1.279    
1DB70bw 27.80  6.30  25.28 1.10  4105  76  1.224    
1DB100bw 39.15  9.06  35.59 1.10  4163  77  1.203    
2DB35 13.60  3.15  12.36 1.10  3974  68  1.251    
2DB50 19.88  3.15  18.07 1.10  4699  72  1.152    
2DB70 28.15  3.15  25.59 1.10  3597  74  1.284    
2DB100 40.10  3.15  36.46 1.10  4438  74  1.259    
3DB35b 13.60  3.15  12.36 1.10  3974  68  1.251    
3DB50b 19.66  4.53  17.87 1.10  4105  74  1.279    
3DB70b 27.80  6.30  25.28 1.10  4163  76  1.224    
3DB100b 39.15  9.06  35.59 1.10  4250  77  1.203    
Alcocer and Uribe (2008) 
MT 55.12  13.78 43.31 1.27  5134  65  1.059    
MR 55.12  13.78 43.31 1.27  5076  65  1.059    
Birrcher et al. (2009) 
I-03-2 71.00  21.00 38.50 1.84  5240  73  2.286    
I-03-4 71.00  21.00 38.50 1.84  5330  73  2.286    
I-02-2 71.00  21.00 38.50 1.84  3950  73  2.286    
I-02-4 71.00  21.00 38.50 1.84  4160  73  2.286    
II-03-CCC2021 71.00  21.00 38.60 1.84  3290  64  2.309    
II-03-CCC1007 71.00  21.00 38.60 1.84  3480  64  2.309    
II-03-CCT1021 71.00  21.00 38.60 1.84  4410  66  2.309    
II-03-CCT0507 71.00  21.00 38.60 1.84  4210  66  2.309    
II-02-CCT0507 71.00  21.00 38.60 1.84  3120  69  2.309    
II-02-CCC1007 71.00  21.00 38.60 1.84  3140  69  2.309    
II-02-CCC1021 71.00  21.00 38.60 1.84  4620  69  2.309    
II-02-CCT0521 71.00  21.00 38.60 1.84  4740  69  2.309    
III-1.85-02 71.00  21.00 38.60 1.84  4100  66  2.309    
III-1.85-025 71.00  21.00 38.60 1.84  4100  66  2.309    
III-1.85-03 71.00  21.00 38.60 1.84  4990  69  2.309    
III-1.85-01 71.00  21.00 38.60 1.84  5010  69  2.309    
III-1.85-03b 71.00  21.00 38.60 1.84  3300  69  2.309    
III-1.85-02b 71.00  21.00 38.60 1.84  3300  69  2.309    
III-1.2-02 46.32  21.00 38.60 1.20  4100  66  2.309    
III-1.2-03 46.32  21.00 38.60 1.20  4220  66  2.309    
IV-2175-1.85-02 127.47  21.00 68.90 1.85  4930  68  2.372    
IV-2175-1.85-03 127.47  21.00 68.90 1.85  4930  68  2.372    
IV-2175-1.2-03 82.68  21.00 68.90 1.20  5010  68  2.372    
IV-2123-1.85-03 36.08  21.00 19.50 1.85  4160  66  2.315    
IV-2123-1.85-02 36.08  21.00 19.50 1.85  4220  66  2.315    
IV-2123-1.2-02 23.40  21.00 19.50 1.20  4630  65  2.315    
M-03-4-
CCC2436 
74.00  36.00 40.00 1.85  4100  67  2.925    
M-09-4-
CCC2436 
74.00  36.00 40.00 1.85  4100  67  2.925    
M-02-4-
CCC2436 
74.00  36.00 40.00 1.85  2800  65  2.925    
M-03-4-
CCC0812 
74.00  36.00 40.00 1.85  3000  65  2.925    
M-03-
2CCC2436 
74.00  36.00 40.00 1.85  4900  68  2.925    
Roy and Breña (2008) 
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DB1.0-1.00 24.00  6.00  22.90 1.05  4830  71  0.451    
DB1.0-0.75 24.00  6.00  22.90 1.05  4600  71  0.451    
DB1.0-0.50 24.00  6.00  22.90 1.05  4440  71  0.451    
DB1.0-0.32 24.00  6.00  22.90 1.05  3915  71  0.451    
DB1.0-0.75L 24.00  6.00  22.90 1.05  4340  68  0.640    
DB1.0-0.28L 24.00  6.00  22.90 1.05  4265  68  0.640    
DB1.5-0.75 24.00  6.00  15.90 1.51  4745  71  0.650    
DB1.5-0.50 24.00  6.00  15.90 1.51  4945  71  0.650    
DB1.5-0.38 24.00  6.00  15.90 1.51  4900  71  0.650    
Bechtel (2011) 
AL1 39.00  18.00 32.80 1.19  3473  65  0.645    
BL1 39.00  18.00 32.80 1.19  3352  80  0.645    
AL2 39.00  18.00 32.12 1.21  3651  65  1.318    
BL2 39.00  18.00 32.12 1.21  3353  80  1.318    
BL3 39.00  18.00 32.12 1.21  3966  80  1.318    
BL4 39.00  18.00 32.12 1.21  3874  80  1.318    
BL5 39.00  18.00 32.12 1.21  3998  80  1.318    
AS1 19.50  9.00  16.40 1.19  4123  79  0.630    
AS2 19.50  9.00  16.40 1.19  4226  79  0.630    
AS3 19.50  9.00  16.06 1.21  4036  76  1.384    
AS4 19.50  9.00  16.06 1.21  4650  85  1.384    
O'Malley (2011) 
1-S 41.00  12.00 32.25 1.27  3430  73  1.021    
2-NS 41.00  12.00 32.25 1.27  3180  73  1.021    
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